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ABSTRACT 
 
In this dissertation I describe a number of patterns and interesting aspects 
associated with the evolution of snake mitochondrial genomes (mtDNA). I also attempt 
to resolve the phylogeny of squamates, focusing on the relationship between the snakes 
and lizards. The results of this study indicate that snakes and worm lizards 
(amphisbaenians) appear to share an exclusive common ancestor, and snakes appear to 
have undergone strong selective pressure that shaped snake mtDNAs. 
Snake mtDNAs have several unique features, including a compact size, duplicated 
control regions, and an elevated evolutionary rate. Based on the correlation resulting from 
the asymmetric replication of mtDNA, the usage of control regions was inferred to be 
species specific. In snake mtDNAs, the magnitude of the rate acceleration varied 
considerably among genes and over time, and it appears that these changes at the 
nucleotide and protein level co-occurred with snake mtDNAs incurring a reduction in 
size and a duplication of the control region.  
In snake mtDNA, many unique amino acid substitutions were identified in all 
protein-coding genes. In the Cytochrome C Oxidase subunit I (COX1) protein, one of 
three proposed proton transfer channels was enhanced by several unique substitutions. 
Additionally, strong positive selection was detected on the COX1 gene of alethinophidian 
snakes. These may be causally related to the energetic demands imposed by the radical 
energy requirement in the early digestion period of alethinophidian snakes. Observations 
of change in COX1 gene suggest that, due to the relaxation of selective pressure or a 
population bottleneck, numerous deleterious substitutions accumulated on snake ancestral 
lineages. Then the impaired functions were recovered, or even enhanced by adaptation. 
During this period, the evolutionary rate of snakes was accelerated as well.  
In this research, the phylogenetic placement of snakes was inferred using the 
complete mtDNA of 65 vertebrates by maximum likelihood (ML) and partitioned-
Bayesian inference. Snakes were placed as the sister taxon to worm lizards, and this 
branching pattern is strongly supported by Bayesian inference-derived posterior 
probability. The jackknife simulation also supports the sister relationship between snakes 
and worm lizards, cumulatively rejecting the hypothesis of marine origins of snakes. 
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CHAPTER I 
INTRODUCTION 
 2
Living squamates include more than 7000 species of lizards, snakes, and 
amphisbaenians (worm lizards), and are distributed across all continents except 
Antarctica. Squamates range in length from a few millimeters [e.g. two species of gecko 
in the genus Sphaerodactylus (16mm mean snout-vent length the smallest known 
amniotes; Hedges et al. 2001)] to several meters (e.g. the Komodo dragon, Varanus 
komodoensis have been recorded in excess of 3 meters and 150kg). Squamates are 
systematically divided into Iguania and Scleroglossa, and this division is reflected in 
many features, e.g. the morphology of the skull (Estes et al, 1988; Arnold, 1998; 
Schwenk 1999, 2001) and body form (Gans, 1962, 1975; Greer, 1991; Coates et al. 2000). 
Based on morphology (Hoffstetter 1955; Underwood 1967), snakes are divided into three 
groups: the Scolecophidia (blind snakes), the Henophidia (primitive snakes), and the 
Caenophidia (advanced snakes), with the last two groups are often referred to as the 
alethinophidians, or typical snakes. According to paleontological and anatomical data, 
modern snakes and lizards diverged from Diapsid reptiles (e.g., turtles), but the origin of 
snakes remains unclear.  
Previous studies of squamate phylogeny heavily depended upon morphological 
data, but the elongated and limbless body form of snakes has eliminated many of the 
morphological characters that can be used for comparisons with lizards, especially 
limbless lizards. Also, some morphological characters were under the intense influence of 
arbitrary character identification. As one might expect with this much potential 
uncertainty confounding the relationships of snakes to other squamates, multiple 
interpretations of the data have emerged. Two conflicting hypotheses concerning the 
origin of snakes have received significant attention: a marine origin (Lee 1998, 2000, 
2005a, 2005b; Caldwell et al. 1997; Macey et al. 1997) and a terrestrial origin 
(Underwood 1967; Rage 1988; Rieppel et al. 1988, 2003; Tchernov et al. 2000). 
Regarding the terrestrial origin, there are multiple hypothesized snake sister taxa, 
including the amphisbaenians (Caldwell 1999; Hallermann 1998), pygopods (Oliver 1996; 
Jamieson 1996), and all lizards (Hoffstettern 1968; Riepple 1980, 1983; Gorr et al. 1998). 
As for the marine origin, large marine mosasauroids, a clade close to Varanidae, were 
proposed as sister taxon to snakes (Lee 1998, 2000, 2005a, 2005b; Caldwell et al. 1997; 
Macey et al. 1997). It appears that the contradicting conclusions concerning snake origins 
have been resulted from the inaccurate determination of the morphological data for 
snakes and lizards, and the paucity of snake fossils and rare squamate fossils. 
Recently, a large number of DNA and protein sequences from many diverse 
groups of organisms have been determined due to amazing advances in molecular 
biology techniques. Molecular data has consequently become increasingly dominant in 
phylogenetic studies. As the basic informational units controlling and regulating life’s 
processes, molecular data provides evolutionary studies with a high level of genetic 
resolution, abundant material, and much more regular evolutionary patterns to rely on. To 
date, there has been a series of squamate phylogenetic studies using a limited quantity of 
mitochondrial or nuclear genes (Forstner et al. 1995; Macey et al. 1997; Rest et al. 2003; 
Townsend et al. 2004; Vidal et al. 2004, 2005), and the resolution of the relationship 
between lizards and snakes still remains unclear due to the sparse taxon sampling and 
relatively small molecular datasets.  
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The mitochondrial genome (mtDNA) represents a favored genetic source for 
evolutionary studies due to four valuable features: a) a faster evolutionary rate than 
nuclear genome, and this provides higher resolution in phylogenies of closely related 
species; b) a mechanism of maternal inheritance and lack of recombination, which 
introduces fewer errors into the phylogenetic reconstructions; c) a compact genome, 
which allows easier DNA sequence determination and computational analyses than 
would nuclear genomes; d) the presence of various protein-coding genes, which provide 
an evolutionary context of the genome. 
A typical vertebrate mitochondrial gnome has one control region (CR), two 
ribosomal RNAs (rRNA), 13 protein-coding genes, and 22 transfer RNAs (tRNA). 
Compared to the typical vertebrate mtDNA, snake mtDNAs have many unusual features, 
including two duplicated CRs, a compact genome, and an elevated evolutionary rate 
(Kumazawa et al. 1996, 1998). The control region in a typical mitochondrial genome is 
responsible for initiating replication and transcription, but the homogeneity of the two 
CRs found in the snake mtDNA makes it difficult to distinguish the exact roles of these 
two CRs in the process of replication and transcription. The previous conclusion of an 
elevated evolutionary rate in snake mtDNA was derived from a topology containing a 
few snakes (Kumazawa et al. 1996; 1998), and this elevated evolutionary rate contradicts 
the assumption that cold-blooded (poikilothermic) animals evolve at a lower rate than do 
warm-blooded (endothermic) animals (Martin 1999; Martin et al. 1993). The 
unexpectedly faster evolutionary rate of snake mtDNA raises a question of whether the 
entire snake lineage evolves at a relatively faster rate compared to other tetrapod groups.  
Many of the unique features found in snake mtDNA suggest the presence of 
unique evolutionary patterns in this lineage, and inspired a focus on this system. The 
primary goal of my research is to elucidate the unique evolutionary patterns of snake 
mtDNA. More specifically, I targeted the following outstanding questions: 1) when was 
the original CR duplicated?; 2) how do the two CRs function?; 3) if the evolutionary rate 
of snake mtDNA was accelerated, under what circumstance did it occur to snake 
lineages?; 4) were all genes on the snake mtDNA accelerated, or only some of them?; 5) 
when did gene size reduction occur?; 6) which group of lizards is closest related to 
snakes. 
Investigating the evolutionary patterns of snake mtDNA requires a reliable 
squamate phylogeny that includes diverse lineages within both lizards and snakes. To 
have squamates better represented in my reconstructed phylogeny, I selectively 
sequenced six squamates. Using the complete mtDNA of 17 lizards and 11 snakes, along 
with taxa heavily sampled from mammals, birds, crocodilians, and turtles, I reconstructed 
the phylogeny of 65 vertebrates using maximum likelihood and Bayesian inference. The 
reason for including such a variety of taxa in this phylogeny is: we were particularly 
interested in obtaining precise comparative estimates of mutation rates that may 
otherwise become unreliable when sampling is overly sparse, due to the high rates of 
mitochondrial genome evolution. 
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CHAPTER II 
FEATURES OF SNAKE MITOCHONDRIAL GENOMES 
 5
BACKGROUND 
The mitochondrion is a cellular organelle that contains the machinery enabling the 
production of ATP via the process of oxidative phosphorylation in eukaryotes, thus 
playing a pivotal role in metabolism (Brand et al. 1997), apoptosis (Kroemer et al. 1998), 
disease (Graeber et al. 1998, Lane 2006), and aging (Wei 1998, Chomyn et al. 2003, 
Eimon et al. 1996). It is believed that mitochondria are descendants of an endosymbiotic 
α-proteobacterium, which was engulfed about two million years ago by cells that would 
later be called eukaryotes (Embley et al. 2006, Lang et al. 1999). Mitochondria are 
conserved in most eukaryote lineages today [mitochondriate eukaryotes (Lang et al. 1999; 
Gary et al. 1999)]. 
Inside this organelle, there is a genome called mitochondrial genome (mtDNA) 
that encodes proteins related to oxidative phosphorylation, and the genetic content is 
thought to have been reduced to 37 genes in vertebrates from the original gene content in 
their ancestor (Lang et al. 1999; Gary et al. 1999). The mtDNA is small, circular, gene-
rich, maternally inherited, and double stranded. The two strands differ in nucleotide 
composition and thus can be distinguished by their densities, which is why they are 
referred to as the heavy and light strands. The heavy strand (also the leading strand 
during replication) is G-rich, and the light strand is G-poor (Anderson et al. 1981). The 
mitochondrial genome has long been believed to replicate asymmetrically (Clayton 1982). 
During replication, the synthesis of the nascent heavy strand initiates at the origin of 
heavy strand replication (OH), within the control region (CR). After two thirds of the 
nascent heavy strand is synthesized, the synthesis of the nascent light strand starts at the 
origin of light strand replication (OL), located within a tRNA cluster. This tRNA cluster 
is often referred to as the WANCY region (tRNATrp-tRNAAla-tRNAAsn-tRNACys-tRNATyr), 
between the NADH dehydrogenase subunit 2 (ND2) and Cytochrome C oxidase subunit 
1 (COX1) genes. The asymmetric replication mechanism of mtDNA exposes parts of the 
heavy strand in a single stranded state for a period of time (DSSH; Tanaka et al. 1994), 
which causes multiple types of mutations to accumulate during the process of replication 
(Clayton 1982), and leading to a discrepancy in the substitution rate between the two 
strands and among genes (Reyes et al. 1998, Bielawski et al. 2002; Tanaka et al. 1994; 
Jermiin et al. 1995; Perna et al. 1995a, 1995b). As a consequence, the asymmetric 
replication process leads to a corresponding gradient in substitution bias across the 
mtDNA that reflects the DSSH, resulting in a spatially dynamic mutation rate bias within 
the mtDNA (Faith and Pollock 2003). In addition, some byproducts of oxidative 
phosphorylation in mitochondria, as well as the poor proofreading ability of gamma 
polymerase lead to overall accelerated rates of mutation in animal mtDNAs. 
The goals of this research are to better understand the evolutionary patterns in 
snake mtDNAs and to determine which lizard lineage is closest related to snakes. To 
achieve these goals requires a reliable topology with reasonable density and diversity of 
taxon sampling of snakes and lizards. To target this goal, I selectively sequenced the 
complete mtDNA of Typhlops reticulatus, Python regius and Varanus salvator, as well as 
rRNAs and all protein-coding genes of Anolis carolinensis, Ophisaurus attenuatus, and 
Boa constrictor. 
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Sequencing 
The mtDNA of six species was sequence in this study (Table II-1). Total DNA 
was extracted from frozen (80ºC) liver tissue using a High Pure PCR Template 
Preparation Kit (Roche, Cat. 1796828). Two 500 bp fragments, located in the 
12sRNA/16sRNA and COX3 genes respectively, were amplified using degenerated 
primers (Table II-2, Kumazawa 2004). New specific primers targeted to these two small 
sequenced regions were then designed for each species. The whole genome was 
amplified in two pieces, approximately 8kb and 9kb, respectively, each by specifically 
designed primers (Table II-3).  Using a Roche Expand Long Template PCR kit, the 9kb 
fragment was amplified by heating for 2min at 94°C, followed by 35 cycles of 10s at 
94°C, 30s at 58°C, and 9min at 68°C, followed by a 10 min elongation at 68°C. The 8kb 
PCR product was amplified as follows: 2min at 94°C, then 35 cycles of 10s at 94°C, 30s 
at 58°C, and 8min at 68°C, followed by a 10 min elongation at 68°C. The annealing 
temperature was adjusted for each species according to the corresponding pairs of 
primers. These two long PCR products were purified using a low melting temperature 
agarose gel and GELase enzyme. Following a primer walking strategy, several internal 
fragments were amplified from each long piece. Cycle sequencing was performed as 
follows: 2min at 94°C, then 50 cycles of 10s at 94°C, 30s at 55°C, followed by 4min 
elongation at 60°C using ABI BigDye. 
 
Table II-1. Sequenced species in this study 
 
Species Specimen ID 
Typhlops reticulatus LSUMZ H-20102
Boa constrictor LSUMZ H-9369 
Python regius LSUMZ H-20140
Anolis carolinensis CCA 8051 
Ophisaurus attenuatus LSUMZ H-15928
Varanus salvator CCA 8037 
 
Table II-2. Degenerated primers used for amplification of short fragments. 
 
 Fragment Forward Primer Reverse Primer 
500 bp of 16sRNA AACCCYYGTACCTYTTGCATCATG CCGGTCTGAACTCAGATCACGT Snakes 
500 bp of COIII GAAGCMGCWGCCTGATACTGACA GGGTCRAAKCCRCATTCRTA 
500 bp of 12sRNA AAACAAACTAGGATTAGATACCCTACTATGC GAGGGTGACGGGCGGTGTGTGCG Lizards 
500 bp of COIII CCAYATAGTMGACCCRAGCCC GGKGCTTCGTARTATTCTATDGCTTG 
 
Fragments containing the CRs from T. reticulatus, P. regius, and V. salvator, 
respectively, were cloned into a TOPO vector using an Invitrogen TOPO XL PCR 
Cloning Kit as following. The fragments containing CRs were amplified using 
corresponding primers, and then purified by Invitrogen S.N.A.P. purification column. 
The purified PCR product was mixed with pCR-XL-TOPO vector for five minutes at 
room temperature for ligation, and then 2ul cloning reaction was transferred to 50ul 
TOP10 chemically competent cells for transformation. Only those cells that had taken up 
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the vector containing the PCR insert grew on an LB plate containing Kanamycin 
antibiotic, allowing an efficient screening procedure to find colonies with target inserts. 
The insert PCR fragment was sequenced by M13 forward and reverse primers. 
 
Table II-3. Primers for long PCR designed for each species. For each species, whole 
genome was amplified in two long pieces: one is 9k and the other 8 kb, approximately, in 
length. These two pieces overlap at the 12s rRNA and COX3. 
 
 Species Length Forward Primer Reverse Primer 
9kb CCTCGATGTTGGATCAGGACACCC ACATGATCCTCATCAGTAGACTGATACGAA Boa constrictor 
8kb TTCGTATCAGTCTACTGATGAGGATCATGT GCTACCTTTGCACGGTTAGGG 
9kb CCTCGATGTTGGATCAGGACACCC CCTGGGGGGACCAAGTGC Python regius 
8kb TTCCAAGCACTTGGTCCCCC GGGTGTCCTGATCCAACATCGAGG 
9kb CCTCGATGTTGGATCAGGACACCC GTGGAGCTTTCTGCTTGGAAGGC 
Snakes 
Typhlops reticulates 
8kb CCAAGCAGAAAGCTCCACCAAAGG GGGTGTCCTGATCCAACATCGAGG 
9kb GCCTAGCCATTAACTGACACCC GGGCTCATGTTACGGTAACGC Anolis carolinensis 
8kb TGTACAAAAGGGCCTGCGATATGGG GGTGTCAGTTAATGGCTAGGCATAGTAGGG 
9kb CGCCCAACACAGCCTATATACCGCCG CGGAGACCTGTTTGGACGGGTGGGG Ophisaurus  attenuatus 
8kb ACCCGTCCAAACAGGTCTCCG GCGGTATATAGGCTGTGTTGGGCG 
9kb CCCGACCACTACTAGCACCCC GGAGTGGGACTTCGAATGGGTTAATGG 
Lizards 
Varanus salvator 
8kb TTCTTCTTCCTGGGATTCTTCTGAGCC GGGGTGCTAGTAGTGGTCGGG 
 
 
Annotation 
Most tRNAs in the raw genome sequences were detected using tRNAscan (Lowe 
et al. 1997), followed by manual verification. The tRNAs not detected by tRNAscan were 
identified by their position in the genome and folded manually based on homology. The 
tRNAs were then used to identify approximate boundaries of protein coding genes, 
control region, and ribosomal RNAs. Final boundaries of protein coding genes were set 
based on position of the most plausible first start and last stop codons in each region, 
including non-canonical signal codons known to operate in vertebrate mitochondrial 
genomes (Slack et al. 2003). Proteins were also translated to their amino acid sequence, 
and all amino acid and DNA sequences were compared to the corresponding genes or 
regions from published snake genomes to verify the annotation.  
 
Genetic Composition of Mitochondrial Genome of Typhlops reticulatus 
One CR, two ribosomal RNAs (12s and 16s), 13 protein-coding genes, and 22 
tRNAs were identified in T. reticulatus mtDNA (Figure II-1, Table II-4). The gene 
content on this species is similar to the other published blind snake, Leptotyphlos dulcis 
(Kumazawa 2004). On the light strand, the frequencies of nucleotide A (34%) and C 
(27%) are higher than G (13%) and T (26%). The origin of light strand (OL) is absent in 
this blind snakes, as well as in L. dulcis. 
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Genetic Composition of Mitochondrial Genome of Varanus salvator 
The mtDNA of V. salvator has two ribosomal RNAs (12s and 16s), 13 protein 
coding gene, 22 tRNAs, and three non-coding regions (Figure II-2, Table II-5). On the 
light strand, the frequency of nucleotides is 31% for A and C, 25% for T and 13% for G. 
The first non-coding region is 487bp in length and locates between ND3 and ND4L. The 
second one is 700bp in length, and is found between CytB and ND6. And the third one, 
1.1kb in length, is between ND6 and 12sRNA, and this is most likely a CR based on its 
location and size.  The sequence of the second non-coding region is the same as the first 
part of the CR, except for two substitutions (a substitution of A-G and C-T, respectively). 
The first non-coding region does not show similarity to any other genes in the mtDNA, 
but five repeats of an 87bp fragment were found in this region. These repeats can form a 
certain secondary structure predicted by mfold (Zuker 2003), and the secondary structure 
might be involves in the tandem replication (Kumazawa et al. 2004). In V. salvator, the 
ND6 gene is flanked by the second non-coding region and CR, instead of being adjacent 
to the CytB gene as it is in other vertebrates. Due to the absence of DNA recombination 
in animal mitochondrial, it is likely that the translocation of ND6 was caused by the 
tandem duplication and followed by multiple deletions (Kumazawa et al. 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II-1. Annotated mitochondrial genome of T. reticulatus. One control region, two 
ribosomal RNAs, 13 protein-coding genes, and 22 transfer RNAs are identified. 
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Table II-4. Mitochondrial genome feature of T. reticulatus. Amino acids stand for 
corresponding tRNAs. Genes underlined locate on the complementary strand. 
 
Gene From To Codon StartCodon StopCodon 
Phe 1 63 TTC   
12s 64 972    
Val 973 1039 GTA   
16s 1040 2524    
Leu 2525 2599 TTA   
ND1 2597 3565  ATA TAA 
Ile 3574 3640 ATC   
Gln 3639 3709 CAA   
Met 3709 3772 ATG   
ND2 3773 4804  ATA TAG 
Trp 4795 4867 TGA   
Ala 4867 4930 GCA   
Asn 4936 5007 AAC   
Cys 5011 5074 TGC   
Tyr 5075 5138 TAC   
COX1 5140 6675  GTG TAA 
Ser 6701 6770 TCA   
Asp 6771 6834 GAC   
COX2 6835 7521  ATG TAG 
Lys 7526 7592 AAA   
ATP8 7594 7755  ATG TAA 
ATP6 7746 8426  ATA TAA 
COX3 8429 9211  ATG TAA 
Gly 9213 9275 GGA   
ND3 9276 9623  ATT TAA 
Arg 9627 9690 CGA   
ND4L 9692 9982  GTG TAA 
ND4 9982 11343  ATG TAA 
His 11350 11411 CAC   
Ser 11412 11470 AGC   
Leu 11470 11540 CTA   
ND5 11543 13360  ATG TAA 
ND6 13346 13870  ATA AGG 
Glu 13868 13934 GAA   
CytB 13940 15059  ATG T 
Thr 15054 15119 ACA   
Pro 15132 15186 CCA   
CR 15187 16681    
 
 
High homogeneity between the second non-coding region and the first half of the 
CR suggests that the second non-coding region originated from the event of gene 
duplication that also resulted in the translocation the ND6 gene. It is plausible that during 
replication, a fragment containing ND6-CytB-CR (original arrangement) was duplicated, 
yielding ND6-CytB-CR-dND6-dCytB-dCR (where “d” stands for duplicated gene), 
followed by the complete deletion of ND6 and dCytB, and partial deletion of CR 
(Kumazawa et al. 2004). Thus the ND6 gene was rearranged into a new location between 
the duplicate CRs as we observe today. Given the current gene arrangement, the other 
duplication scenario (dND6-dCytB-dCR-ND6-CytB-CR) followed by deletions (dND6, 
partial dCR, and CytB) cannot be excluded. And the homogeneity between the CR and 
second non-coding region was well-maintained by concerted evolution. The origin of the 
third non-coding region is hard to identify owing to its dissimilarity to any gene in this 
genome. It seems that after duplication this copy was degraded so drastically that it is no 
longer recognizable. 
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Figure II-2. Annotated mitochondrial genome of V. salvator. One control region, two 
ribosomal RNAs, two non-coding regions, 13 protein-coding genes, and 22 transfer 
RNAs were identified. 
 
The three non-coding regions are also observed in an uncompleted mitochondrial 
genome of another monitor lizard, V. komodoensis (Kumazawa et al. 2004). In V. 
komodoensis, the second non-coding region (in the same order as V. slavator) is also 
similar to the first half of the CR. The first non-coding region does not show any 
similarity to any gene within the V. komodoensis genome, nor to the first non-coding 
region in V. salvator. The presence of duplicated CRs in two Varanus species 
demonstrates that the condition including duplication and concerted evolution of the CRs 
is not exclusive to the snake lineage. 
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Table II-5. Mitochondrial genome feature of V. salvator. Amino acids stand for 
corresponding tRNAs. Genes underlined locate on the complementary strand. NC means 
non-coding region longer than 10 bp in length. 
 
Gene From To Codon StartCodon StopCodon 
Phe 1 67 TTC   
12S 68 965    
Val 966 1029 GTA   
16S 1030 2542    
Leu 2543 2615 TTA   
ND1 2617 3582  ATA TAA 
Ile 3584 3652 ATC   
Gln 3653 3722 CAA   
Met 3722 3790 ATG   
ND2 3791 4828  ATA TAA 
Trp 4828 4896 TGA   
Ala 4897 4965 GCA   
Asn 4967 5039 AAC   
Cys 5067 5121 TGC   
Tyr 5122 5185 TAC   
COX1 5181 6782  TTA AGA 
Ser 6776 6846 TCA   
Asp 6849 6916 GAC   
COX2 6917 7606  ATG TAA 
Lys 7608 7674 AAA   
ATP8 7675 7839  ATG TAA 
ATP6 7830 8513  ATG TAA 
COX3 8513 9297  ATG TA 
Gly 9297 9363 GGA   
ND3 9364 9709  ATA T 
Arg 9710 9775 CGA   
NC1 9776 10262    
ND4L 10263 10559  ATG TAA 
ND4 10553 11926  ATG TAA 
His 11929 11997 CAC   
Ser 11998 12060 AGC   
Leu 12060 12130 CTA   
ND5 12132 13925  ATA TAA 
CytB 13934 15067  ATG TAG 
Thr 15067 15134 ACA   
NC2 15135 15769    
Glu 15770 15837 GAA   
ND6 15843 16373  ATG AGG 
Pro 16444 16509 CCA   
CR 16510 17489    
 
 
Polymorphism between Two Individuals of Python regius 
P. regius mtDNA has two ribosomal RNAs (12s and 16s), 13 protein-coding 
genes, 22 tRNAs, and two almost identical CRs. One CR is adjacent to the 5’-end of the 
12s RNA, and the other is located between ND1 and ND2 (Table II-6). Nucleotide 
frequencies on the light strand are 34% for A, 24% for T, 12% for G, and 29% for C. 
Since another individual of P. regius (Dong et al. 2005) was published recently, 
comparisons between these two genomes were performed on a gene-by-gene basis (Table 
II-7) to investigate the patterns of polymorphism between samples. As for rRNAs, around 
98% similarity was observed between these two individuals. For protein-coding genes, 
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the similarity between these two individuals was around 98%, except for a 95% similarity 
of ATP8 genes due to both nucleotide changes and variation in gene length.  Most 
divergences occurred at the 3rd codon positions, followed by the 1st codon positions, with 
only a few observed at 2nd codon positions. This divergence pattern reflects the normal 
levels of selective pressure operating on the three codon positions relative to the 
probability of nucleotide changes leading to amino acid substitutions. Most tRNAs (18 
tRNAs) did not show any difference between these two individuals. Divergence was, 
however, observed on four tRNAs (tRNATrp, tRNATyr, tRNAGly, tRNAArg), and on each 
of these tRNAs, only one substitution was found. Between these two P. regius, 
similarities between the two CRs were about 97%, which was lower than that of other 
genes (Figure II-3). The low similarity in CR between these two genomes compared to 
high similarity of other genes was congruent with the previous assumption of a higher 
evolutionary rate of CRs than other mitochondrial genes. 
 
Table II-6. Mitochondrial genome feature of P. regius. Amino acids stand for 
corresponding tRNAs. Genes underlined locate on the complementary strand. 
 
Gene From To Codon StartCodon StopCodon 
Phe 1 65 TTC   
12S 66 1001    
Val 1002 1066 GTA   
16S 1067 2580    
ND1 2581 3541  ATA T 
Ile 3542 3606 ATC   
CR2 3607 4584    
Leu 4585 4656 TTA   
Gln 4657 4728 CAA   
Met 4732 4794 ATG   
ND2 4795 5826  ATT TAA 
Trp 5838 5906 TGA   
Ala 5906 5969 GCA   
Asn 5970 6043 AAC   
Cys 6074 6133 TGC   
Tyr 6133 6198 TAC   
COX1 6200 7801  GTG  
Ser 7792 7860 TCA   
Asp 7861 7924 GAC   
COX2 7925 8613  GTG TA 
Lys 8614 8676 AAA   
ATP8 8677 8844  ATG TAA 
ATP6 8835 9515  ATG TAG 
COX3 9521 10305  ATG TA 
Gly 10305 10367 GGA   
ND3 10368 10711  ATA  
Arg 10711 10774 CGA   
ND4L 10775 11065  ATG TAA 
ND4 11065 12420  ATG ATA 
His 12421 12486 CAC   
Ser 12487 12544 AGC   
Leu 12544 12615 CTA   
ND5 12617 14410  ATG TAA 
ND6 14406 14918  ATG AGG 
Glu 14928 14994 GAA   
CytB 14995 16117  ATG T 
Thr 16106 16170 ACA   
Pro 16178 16242 CCA   
CR1 16243 17288    
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Figure II-3. Divergence on mtDNA genes between two P. regius individuals 
 
 
Features of Snake MtDNAs 
So far, there are 11 complete snake mitochondrial genomes sequenced, including 
those published in NCBI and sequenced in our lab. Compared to other vertebrate 
mtDNAs, snake mtDNAs possess many special features. Blind snakes possess only one 
CR just as non-snake vertebrates do, but alethinophidian snakes have duplicate CRs. 
These two CRs are almost identical to one another within each species. The original CR 
is adjacent to the 5’-end of 12s rRNA, and the other is located between the ND1 and ND2 
genes. The control region evolves at a relatively faster rate compared to other genes on 
mtDNA, and notable divergence between the original copy and the duplicated copy 
should be expected. However, the observations contradict this expectation. A reasonable 
explanation for this unusual phenomenon is concerted evolution, and this should occur 
frequently enough to erase differences caused by substitutions on these two copies. The 
reason for retaining two identical copies of CR remains unanswered, but it may provide 
snakes with some advantages, such as more efficient process of replication and 
transcription through the use of both CRs.  
In snake mtDNAs, all ribosomal RNAs, tRNAs (Figure II-4), and protein-coding 
genes (Figure II-5, except COX1) are shorter than the corresponding genes in non-snake 
vertebrates. Additionally, non-coding regions between each two adjacent genes are also 
reduced or totally deleted in snake mtDNAs. The reduction of most tRNAs occurred on 
the D-loop (Figure II-6), which contributes little to the stability of cloverleaf structure. 
Thus, the stability of most tRNA cloverleaf structures are not weakened significantly 
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(Table II-8). It seems that a genome-wide selective force has streamlined the snake 
mitochondrial genome throughout its evolutionary pathway. 
Table II-7. Difference between two P. regius individuals on mtDNA genes. Amino acids 
stand for corresponding tRNAs. Genes underlined locate on the complementary strand. 
For protein-coding genes, comparisons were conducted on all sites and each codon 
positions. 
 
   Substitutions 
 Length Similarity All 1st 2nd 3rd 
12S 936 98.93% 10    
16S 1514 98.35% 25    
Ala 64 100.00% 0    
Arg 64 98.44% 1    
Asn 74 100.00% 0    
Asp 64 100.00% 0    
Cys 60 100.00% 0    
Gln 72 100.00% 0    
Glu 67 100.00% 0    
Gly 63 98.41% 1    
His 66 100.00% 0    
Ile 65 100.00% 0    
Leu 72 100.00% 0    
Leu 72 100.00% 0    
Lys 63 100.00% 0    
Met 63 100.00% 0    
Phe 65 100.00% 0    
Pro 65 100.00% 0    
Ser 69 100.00% 0    
Ser 58 100.00% 0    
Thr 65 100.00% 0    
Trp 69 98.55% 1    
Tyr 66 98.48% 1    
Val 65 100.00% 0    
CR1 1046 97.71% 24    
CR2 978 97.55% 24    
ATP6 681 98.24% 12 2 2 8 
ATP8 168 95.83% 7 2 2 3 
COX1 1602 98.50% 24 2 1 21 
COX2 689 98.40% 11 4 1 6 
COX3 785 98.85% 9 0 2 7 
CytB 1123 98.93% 12 5 0 7 
ND1 961 97.81% 21 8 0 13 
ND2 1032 97.77% 23 7 3 13 
ND3 344 99.13% 3 0 1 2 
ND4 1356 98.08% 26 2 2 22 
ND4L 291 98.28% 5 1 0 4 
ND5 1794 98.94% 19 8 1 10 
ND6 513 98.83% 6 0 1 5 
 
Control regions in eight of the 11 snakes are around 1000bp in length. The 
remaining three species (B. constrictor, X. unicolor, and T. reticulatus) have CRs longer 
than 1500bp in length, and this extra length is mainly due to multiple tandem repeats. 
Compared to non-snake vertebrates (Figure II-7), the length of CRs in snakes were not 
affected by the genome-wide length reduction. On the contrary, CRs of three species (B. 
constrictor, X. unicolor, and T. reticulatus) were elongated by multiple repeats. Generally, 
the length of CRs is quite conserved in non-snake vertebrates, and, on average, birds, 
turtles and crocodilians have longer CRs than mammals and lizards. 
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Table II-8. Energy (ΔG) of tRNA Cloverleaf structure in squamates. The value is energy required to destroy the cloverleaf structure 
of a given tRNA. 
 
 Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu2 Leu4 Lys Met Phe Pro Ser4 Thr Trp Tyr Val 
A. piscivorus -10.4 -7.3 -14.4 -15.8 -19.2 -10.3 -12 -6.9 -5.8 -15.2 -10.1 -19.9 -10.8 -14.4 -3.8 -12.9 -14.2 -7.5 -8.3 -14.6 -7.4 
O. okinavensis -10.4 -9.6 -14.3 -19.1 -19.3 -10.3 -12.8 -7 -3.5 -10.7 -10.7 -16.4 -12.6 -11.3 -10.6 -13.9 -10.1 -8.7 -8.5 -14.6 -7.5 
P. slowinskii -4.8 -3.5 -20.8 -12.6 -18.2 -10.2 -10.8 -4.9 -5.2 -15 -8.7 -15.2 -14.6 -15.9 -9.6 -8.5 -13.1 -10.3 -7.7 -10.7 -8.8 
D. semicarinatus -8.9 -7 -11.7 -14.4 -17.5 -8.9 -8.7 -10 -9.4 -17.3 -10.1 -15.8 -12.8 -15.9 -0.3 -8.7 -14.6 -4.6 -6.6 -12 -6.7 
A. granulatus -6.6 -13.8 -13.4 -9.3 -17.5 -7.4 -9 -7.4 -4.2 -14 6.1 -15.9 -12.2 14.4 -8.7 -6.5 -13 -11 -5.2 -16 -7.1 
B. constrictor -12.5 -11.4 -19.6 -26.5 -23.8 -13.1 -10.8 -9.2 -7.6 -15.3 -9 -17.4 -14.4 -13.5 -12.1 -8.2 -16.5 -8.2 -5.3 -16.1 -7.6 
C. ruffus -10.5 -10 -16.1 -19.6 -15.1 -11.8 -13 -10.5 -6.2 -16 -8.3 -14.1 -10.7 -13.3 -7.5 -6.6 -15.6 -10 -5.4 -13.6 -7.2 
P. regius -9.5 -10.9 -12.9 -12.5 -23.9 -15.3 -14.7 -11.5 -8.6 -14.9 -12.3 -14.8 -11.1 -13.5 -12.4 -9.8 -11.1 -11 -7.4 -18.1 -7.5 
X. unicolor -8.5 -13.6 -20 -10.9 -24 -13.1 -10.5 -11.1 -7.6 -14.7 -9 -15.8 -10.3 -13.5 -7.6 -5.8 -17.7 -6.5 -4.9 -10.9 -8.3 
L. dulcis -15.1 -5.4 -16.9 -8.9 -13.8 -13.4 -10.8 -7.2 -8.8 -8.6 -17.7 -13.4 -19.2 -13.2 -15.1 -10.6 -18.9 -12 -7.4 -14.8 -3.7 
I. iguana -12.4 -17.8 -13 -9 -18.5 -13.6 -12.3 -11.3 -9.3 -7.9 -17.7 -14.5 -19.1 -9.3 -16.9 -15.1 -14.4 -14.3 -8.6 -15.5 -9.2 
E. egregius -7.3 -6.5 -14.9 -16.3 -18.5 -15.5 -10.8 -14.5 -11 -13.7 -10.2 -16.5 -17.2 -9 -17.2 -12.5 -22.7 -8 -21.4 -29.2 -6.4 
S. occidentalis -11 -17 -19.5 -14.6 -19.7 -14.2 -9.4 -9 -8.6 -12.9 -13.5 -13.7 -18.8 -9.1 -12.1 -15.1 -13.6 -14 -21.5 -15.8 -6.9 
C. warreni -8.5 -11.5 -17.9 -16.1 -13.1 -8.6 -11.3 -14.3 -9.6 -16.5 -12.7 -12.1 -15.5 N/a -8.1 -10.7 -15.8 -13.2 -13 -21.2 -7.1 
A. graminea -8.1 -14.5 -13.7 -14.7 -16.1 -12.5 -15.6 -12 -1.2 -13.4 -12.2 -15.5 -16.2 -9 -10.9 -13.6 -16.1 -11.8 -17 -15.5 -5.6 
S. crocodilurus -8.2 -11.9 -14.7 -13.4 -17.4 -12.7 -12.6 -12.4 -7.9 -10.2 -13.4 -12.6 -15.4 -9.4 -14.5 -6.6 -14.1 -18.3 -5.5 -13.9 -6.9 
V. komodoensis -8.2 -19 -19.2 -6.9 -18.7 -2.5 -11.6 -16.6 -9.4 -14.5 -9.3 -15.4 -14.1 -16 -11.4 -9.6 -13.8 -15.2 -5.9 -13.5 -10.4 
S. punctatus -7.6 -11 -15 -7.2 -3.8 -13.6 -13.8 -9.3 N/A -12.5 -11.5 -25.4 -16.1 -9.9 -9.9 -18.7 -8.6 N/A -16 -14.1 -10.6 
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Figure II-4. tRNA length in vertebrates. Total length is shown for 22 tRNAs. Bars in 
orange are alethinophidian snakes; bars in yellow are blind snakes; and black bars are 
non-snake vertebrates. Values for non-snake vertebrates are average value of 
corresponding species group. 
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Figure II-5. Protein-coding gene length in vertebrates. Total length is shown for all 
protein-coding genes. Bars in orange are alethinophidian snakes; bars in yellow are blind 
snakes; and black bars are non-snake vertebrates. Values for non-snake vertebrates are 
average value of corresponding species group. 
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Figure II-6. Cloverleaf structure of tRNA 
Another interesting feature of snakes is the absence of the origin of light strand 
replication, the OL, in the blind snakes.  The OL is responsible for the initiation of 
replication of light strand by forming a stem-and-loop structure, and is present in all 
known vertebrate mtDNAs, except birds and blind snakes. It is sill unclear how these 
species are able to complete the process of replication, but one possibility is that part of 
tRNA (D-loop, L-loop, or anticodon loop), probably in the WANCY region (the typical 
location of the OL), is capable of serving as OL to facilitate light strand genome 
replication.  
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Figure II-7. Length of control region in vertebrates. Orange and white bars stand for 
CR1 and CR2, respectively, in alethinophidian snakes; yellow bars are blind snakes; and 
black bars are non-snake vertebrates. Values for non-snake vertebrates are average value 
of corresponding species group. One standard deviation is also showed for non-snake 
vertebrates. 
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CHAPTER III 
COMPARATIVE MITOCHONDIRAL GENONICS OF 
SNAKES: EXTRAORDINARY SUBSTITUTION RATE 
DYNAMIC AND FUNCTIONALITY OF THE CONTROL 
REGION 
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BACKGROUND 
 
The vertebrate mitochondrial genome has been an important model system for 
studying molecular evolution, organismal phylogeny, and genome structure. The 
versatility and prominence of vertebrate mitochondrial genomes stems from their 
compactness and manageable size for sequencing and analysis, well-characterized 
replication and transcription processes (e.g. Clayton, Chang, and Fisher 1986; Fernandez-
Silva, Enriquez, and Montoya 2003; Szczesny et al. 2003; see also Yang et al. 2002; Holt 
and Jacobs 2003; Reyes et al. 2005), and the diversity of protein and structural RNA 
genes that they encode. Vertebrate mitochondrial genomes generally lack recombination 
and have a conserved genome structure, although instances of intramolecular 
recombination have been proposed (Piganeau, Gardner, and Eyre-Walker 2004; Tsaousis 
et al. 2005), and there are numerous examples of structural rearrangements (e.g., Sankoff 
et al. 1992; Mindell, Sorenson, and Dimcheff 1998; Cooper et al. 2001). Despite 
extensive molecular studies, little is known regarding the ways in which genome 
architecture might affect the various aspects of genome function and evolution (including 
replication, transcription, and function of proteins and RNAs). Nevertheless, patterns 
linking mitochondrial genome structure, function, and nucleotide evolution have begun to 
emerge (Krishnan, Raina, and Pollock 2004; Krishnan et al. 2004; Raina et al. 2005).  
The mitochondrial genome (mtDNA) has long been believed to replicate 
asymmetrically (Clayton 1982), which creates a substantial difference in mutation rates 
and nucleotide composition biases between strands (Tanaka and Ozawa 1994; Jermiin, 
Graur, and Crozier 1995; Perna and Kocher 1995a; Perna and Kocher 1995b; Bielawski 
and Gold 2002). During replication under the classical model, the synthesis of the nascent 
heavy strand initiates at the origin of heavy strand replication (OH), within the control 
region (CR). This has been extensively reviewed elsewhere (e.g., Bielawski and Gold 
2002; Faith and Pollock 2003), but in brief, after two thirds of the nascent heavy strand is 
synthesized, the synthesis of the nascent light strand starts at the origin of light strand 
replication (OL), a short secondary structure forming segment located within the tRNA 
cluster (the WANCY region) between the NADH dehydrogenase subunit 2 (ND2) and 
Cytochrome C oxidase subunit 1 (COX1) genes. The strand-asymmetric replication 
mechanism has been thought to expose different regions of the parental heavy strand to 
varying amounts of time in the single-stranded state during replication (DssH; Tanaka and 
Ozawa 1994), depending on the distances of the regions from the OH and OL. Variation in 
this strand-asymmetric mutation processes appears to have contributed substantially to 
variation in substitution rates among genes (Bielawski and Gold 2002; Faith and Pollock 
2003; Raina et al. 2005).  
Controversy has recently arisen concerning the classical mitochondrial replication 
mechanism, mostly concerning the asymmetry of the process, the role of the putative 
origin of light strand replication, and whether the replicating DNA spends substantial 
amounts of time single-stranded (Yang et al. 2002; Reyes et al. 2005; Yasukawa et al. 
2005). Although the newly proposed models of replication are directly at odds with the 
genetic data, one of us has hypothesized (Pollock, in review) that most of the biochemical 
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and genetic data is compatible with a reconciled model of mitochondrial replication, 
which retains most critical features of the classical model except for single strandedness. 
Regardless of the final reconciliation, to take a neutral position on the biochemical issue 
of single-strandedness we will refer to the time that a gene or nucleotide is predicted to 
spend in an asymmetric mutagenic state (TAMS  ), rather than the predicted duration of time 
that the heavy strand spends single-stranded ( SSHD  ); the calculation is, however, 
identical to that for SSHD  (Tanaka and Ozawa 1994; Reyes et al. 1998; Faith and Pollock 
2003).  
Cytosine →Uracil deaminations are common in single-stranded DNA, while 
Adenine → Hypoxanthine deaminations are less common (Frederico, Kunkel, and Shaw 
1990; Impellizzeri, Anderson, and Burgers 1991). These two deaminations lead to 
mutations (Cytosine→Thymine and Adenine→Guanine, or C→T and A→G) that appear 
to account for most of the asymmetry in synonymous substitutions found in vertebrate 
mtDNA (Bielawski and Gold 1996; Rand and Kann 1998; Reyes et al. 1998; Frank and 
Lobry 1999; Faith and Pollock 2003; Krishnan, Raina, and Pollock 2004; Krishnan et al. 
2004; Raina et al. 2005). C→T and A→G mutations on the heavy strand during 
replication apparently lead respectively to G→A and T→C substitutions (and G and T 
deficiencies) on the light strand. Most protein-coding genes (all but ND6) use the heavy 
strand as a template; thus, the mutation biases observed in the light strand parallel the 
biases in most protein-coding gene transcripts. Faith and Pollock (2003) found that, in 
vertebrates, T→C light strand substitutions at four-fold and two-fold redundant 3rd codon 
positions increase linearly with increasing TAMS  . In contrast, G→A light strand 
substitutions increase rapidly but quickly reach a maximal level. Consequently, T→C 
substitutions and the resultant C/T nucleotide frequency gradient are good predictors of 
TAMS .  
The mitochondrial genomes of snakes contain a number of qualities and structural 
features that are unusual among the vertebrates. Snake mitochondrial genomes have 
elevated evolutionary rates and contain truncated tRNAs (Kumazawa et al. 1998; Dong 
and Kumazawa 2005). All snake species sampled to date, except the scolecophidian 
snake Leptotyphlops dulcis, have a duplicated control region (CR2) between NADH 
dehydrogenase subunit 1 (ND1) and subunit 2 (ND2), in addition to a control region 
(CR1) adjacent to 5’-end of  the 12s rRNA, as it is in other vertebrates. These two control 
regions appear to undergo concerted evolution that acts to homogenize the nucleotide 
sequence of each duplicate copy within a given genome (Kumazawa et al. 1996, 1998; 
Dong and Kumazawa 2005). The functionality of these two control regions in 
transcription and initiation of heavy strand replication is not clear, but since the 
nucleotide sequence of each is nearly identical, any functional features that are not 
dependent on surrounding sequences should be similar. In contrast, recent evidence that 
initiation of heavy strand replication may be distributed across a broad zone, including 
cytochrome b (CytB) and NADH dehydrogenase subunit 6 (ND6; Reyes et al. 2005), 
would suggest that CR2 may not function as effectively in this role.  
 22
A number of interesting questions arise that might be addressed through 
comparative analysis, including: (1) does one or the other, or do both control regions 
function as origins of heavy strand DNA synthesis? (2) does the altered genome structure 
affect patterns of snake mtDNA molecular evolution? (3) when during snake evolution 
did various features arise? (4) do changes in molecular evolutionary patterns resulting 
from alternative genome architecture vary at different depths of phylogeny? and (5) is 
there any evidence or plausible rationale for selection as a causative agent in generating 
these differences in genomic structure?  
To investigate outstanding questions regarding snake mitochondrial genome 
evolution, structure, and function, we analyzed a dataset consisting of three new complete 
snake mitochondrial genomes together with eight previously published snake 
mitochondrial genomes, and 42 other vertebrate mitochondrial genomes for comparative 
purposes. The new snake genomes were obtained from Pantherophis slowinskii (a corn 
snake from Louisiana; previously Elaphe guttata), and from Agkistrodon piscivorus (the 
cottonmouth or water moccasin; one specimen from Florida and the other from 
Louisiana). These genomes were targeted in order to increase the phylogenetic density of 
sampling in alethinophidian snakes, which appear to show among the most interesting 
mitochondrial genome evolutionary patterns based on previous studies (Kumazawa et al., 
1996, 1998).  
The research presented here constitutes an exploratory comparative study of 
genomic architecture and substitution rate variation among genes and among lineages. 
Given the large amount and diversity of data in this study, we have deferred to a future 
study all analysis of site-specific selection via dN/dS ratios and its relation to details of 
protein structure and function. Although this dataset does not (and was not designed to) 
resolve any major questions in squamate phylogeny, we were able to map onto the 
phylogeny changes in genome size, gene organization, tRNA size and structure, and 
dynamics of gene-specific evolutionary rates, and to conduct detailed comparisons of 
mtDNA evolution at the intraspecific level with the two A. piscivorus samples. We also 
used predictions based on the asymmetrical pattern of mitochondrial genome replication 
(and corresponding nucleotide substitution and frequency biases) to make a preliminary 
assessment of control region functionality.  
MATERIALS AND METHODS 
Sampling, Sequencing and Annotation  
Several complete mitochondrial genomes of snakes have been published, and 
previous snake mtDNA sampling has targeted divergent lineages (e.g., no family of 
snakes is represented by multiple examples). To complement this broader sampling, we 
sequenced complete mtDNAs of two species, each of which representing the second 
taxon within a family from which a complete mtDNA was already available. Also, we 
sequenced two mtDNAs from divergent populations of a single species. Thus, our 
taxonomic sampling was designed to complement existing snake mtDNA sequences by 
providing comparative genomic data at shallower levels of phylogenetic divergence. 
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Such sampling is essential to more accurately assess details concerning the process of 
evolution. 
DNA was extracted from vouchered specimens available at the Louisiana State 
University Museum of Natural Science (LSUMZ) and the University of Central Florida 
(CLP). The A. piscivorus (cottonmouth or water moccasin; Viperidae) specimens were 
from Louisiana, USA (LSUMZ-17943) and from Florida, USA (CLP-73). We will refer 
to these as Api1 (Louisiana specimen) and Api2 (Florida specimen). The P. slowinskii 
(corn snake; Colubridae) specimen was from Louisiana, USA (LSUMZ- H-2036). The 
genus Pantherophis (Utiger et al. 2002) was recently erected to contain a clade of species 
formerly allocated to Elaphe. The species P. slowinskii was formerly considered 
Pantherophis (Elaphe) guttatus, and was recently recognized as a distinct species 
(Burbrink 2002). The P. slowinskii specimen used as a source of DNA in this study is the 
type specimen for the species. Since no genera in this study are represented by multiple 
species, for mnemonic convenience we will hereafter primarily use the names of genera 
to identify sources of mtDNA genomes.  
Total DNA was isolated from frozen (-80C) liver tissue of Api2 using the Qiagen 
DNeasy extraction kit and protocol (Qiagen Inc.). Using the Expand Long Template PCR 
system (Roche Molecular Biochemicals), the mitochondrial genome was amplified in six 
overlapping fragments with 12 primers (Table III-1). In addition, several smaller 
fragments were also amplified using the BIO-X-ACT Short PCR kit (Bioline) to fill-in 
otherwise inadequately sequenced regions. Cycling conditions followed the 
manufacturers’ suggestions, with annealing temperatures between 50°C and 55°C, and 
for 35 cycles.  
Positive PCR products were electrophoretically separated and excised from 
agarose gels, followed by purification using the GeneCleanIII kit (BIO101). Purified 
PCR products were cloned using either the TopoTA or TopoXL cloning kits (Invitrogen). 
Plasmids containing amplification fragments were isolated and purified using QIAprep 
Spin Miniprep kits (Qiagen) and sequenced using M13 primers (flanking the cloning site 
in the Topo vectors), an array of internal primers (details available upon request), and the 
CEQ Dye Terminator Cycle Sequencing Quick Start Kit (Beckman-Coulter), and were 
run on a Beckman CEQ8000 automated sequencer according to the manufacturers’ 
protocols.  
Total DNA was extracted from Api1 using a High Pure PCR Template 
Preparation Kit (Roche), and amplified into two long overlapping fragments, 8kb and 9kb, 
using the Expand Long Template PCR Amplification System (Roche) and 4 primers 
(Table III-1). These two fragments overlap in the 16s RNA and COIII genes. Conditions 
followed the manufacturer’s recommendations, with annealing temperatures of 58.4°C 
(9kb fragment), and 52.2°C (8kb fragment). After electrophoresis as above, PCR 
products were purified using the Agarose Gel DNA Purification kit (Mo Bio Laboratory), 
followed by end phosphorylation, ligation, and shearing in a nebulizer (Invitrogen). 
Fragments ranging from 1.5-3kb were purified from 0.8% agarose gels using QIAquick 
Gel Extraction Kit (Qiagen), cloned into pPCR-Script Amp SK(+) vector (Stratagene 
PCR-Script Amp Cloning Kit), and transformed into XL-10 Gold Kan ultracompetent 
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cells (Stratagene). Bacterial clones containing plasmids with snake mitochondrial inserts 
were amplified using M13 primers, and the products were purified by QIAquick PCR 
Purification Kit and sequenced using T3 primer and Big Dye Terminator Sequence 
Master (PE Biosystems) using standard protocols. The reactions were purified on DyeEx 
columns (Qiagen), and the DNA sequence was determined using an ABI 3700 automated 
sequencer.  
Total DNA from Pantherophis was extracted and amplified using the same 
protocol and reagents as for Api1, but with a different set of four primers (Table III-1) 
yielding 12.5 Kb and 4.5 Kb fragments. These two fragments overlap in the CytB and 16s 
rRNA genes, and were sequenced following the same protocol as used for Api1, with 
additional internal primers. 
 
Table III-1. Primer sets used to amplify mitochondrial genome fragments. 
 
Primer Name Primer sequence (5’ – 3’) Source 
  
Agkistrodon piscivorus - Api2 amplification primers  
L2932 MYTGGTGCCAGCCGCCGCGG This study 
tRNATrpR GGCTTTGAAGGCTMCTAGTTT R. Lawson, unpub. 
   
ND1L CTATCCCCCATCATAGCMC This study 
ND2H TCGGGGTATGGGCCCG This study 
   
LRattle ACTCTAACGCTCCTAACCTGAC K. Zamudio, unpub. 
Leu CCAACACCTVTTCTGATT Arévalo et al. 1994 
   
L6929 CCAACACCTVTTCTGATT This study 
ND4CP200 ARATTGYRGCTRCTACTARGCC This study 
   
ND4 CACCTATGACTACCAAAAGCTCATGTAGAAGC Arévalo et al. 1994 
AtrCB3 TGAGAAGTTTTCYGGGTCRTT Parkinson et al. 2002 
   
Gludg TGACTTGAARAACCAYCGTTG Parkinson et al. 2002 
H3059 CCGGTCTGAACTCAGATCACGT This study 
  
Agkistrodon piscivorus - Api1 amplification primers  
DPFB002R AGTGGTCAWGGGCTKGGGACTA This study 
DPFB0013F CGGCCGCGGTATYCTAACCGTGCAAAG This study 
   
DPFB001F TAGTAGACCCMAGCCCWTGACCACT This study 
DPFB0021R CTGATCCAACATCGAGGTCGTAAACC This study 
  
Pantherophis slowinskii amplification primers  
DPAL007 CTACGTGATCTGAGTTCAGACC This study 
DPFB007 CTCAGAAKGATATYTGTCCYCATGG This study 
   
DPFB006 CCATGRGGACARATATCMTTCTGAG This study 
DPAL006 CTCCGGTCTGAACTCAGATCAC This study 
 
 
Most tRNAs in the raw genome sequences were detected using tRNAscan (Lowe 
et al. 1997), followed by manual verification. The tRNAs not identified by tRNAscan 
were identified by their position in the genome and folded manually based on homology. 
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The tRNAs were then used to identify approximate boundaries of protein coding genes, 
control region, and ribosomal RNAs. Final boundaries of protein coding genes were set 
based on position of the most plausible first start and last stop codons in each region, 
including non-canonical signal codons known to operate in vertebrate mitochondrial 
genome (Slack et al. 2003). Proteins were also translated to their amino acid sequence, 
and all amino acid and DNA sequences were compared to the corresponding genes or 
regions from published snake genomes to verify the annotation.  
Phylogenetic and Sliding-Window Analyses  
In addition to the three new snake mitochondrial genome sequences, the sequence 
dataset used included all eight available snake mtDNAs, and 42 additional taxa for 
comparative purposes, including heavy sampling of birds, mammals (mostly primates), 
and lizards (species scientific names and access numbers are in Table III-2). We limited 
our sampling of mammalian mtDNAs almost exclusively to primates (and Bos taurus) 
because we were particularly interested in obtaining precise comparative estimates of 
mutation rates that may otherwise become unreliable when sampling is overly sparse, due 
to the high rates of mitochondrial genome evolution. Also, focused sampling of primates 
was incorporated to keep the total number of sequences low enough to facilitate complex 
likelihood analyses (which would otherwise be computationally unfeasible), and to 
facilitate comparisons in rates and patterns between snakes and primates (e.g., Raina et 
al., 2005).  
Table III-2. Complete mitochondrial genomes used in this study, and associated 
Genbank accession numbers. 
 
 Genbank ID Taxon   Genbank ID Taxon 
Amphibians NC_002756 Mertensiella luschani  Birds NC_002782 Apteryx haastii 
 NC_001573 Xenopus laevis   NC_003128 Buteo buteo 
Turtles NC_000886 Chelonia mydas   NC_002196 Ciconia boyciana 
 NC_002073 Chrysemys picta   NC_002197 Ciconia ciconia 
 NC_002780 Dogania subplana   NC_002069 Corvus frugilegus 
 NC_001947 Pelomedusa subrufa   NC_002784 Dromaius novaehollandiae 
Tuatara NC_004815 Sphenodon punctatus   NC_000878 Falco peregrinus 
Lizards NC_005958 Abronia graminea   NC_001323 Gallus gallus 
 NC_005962 Cordylus warreni   NC_000846 Rhea americana 
 NC_000888 Eumeces egregius   NC_000879 Smithornis sharpei 
 NC_002793 Iguana iguana   NC_002785 Struthio camelus 
 NC_005960 Sceloporus occidentalis   NC_002781 Tinamus major 
 NC_005959 Shinisaurus crocodilurus   NC_000880 Vidua chalybeata 
 AB080275-6 Varanus komodoensis  Mammals NC_001567 Bos taurus 
Snakes NC_007400 Acrochordus granulatus   NC_002763 Cebus albifrons 
 GB_###### Agkistrodon piscivorus (Api1)   NC_002082 Hylobates lar 
 GB_###### Agkistrodon piscivorus (Api2)   NC_001646 Pongo pygmaeus 
 NC_007398 Boa constrictor   NC_001644 Pan paniscus 
 NC_007401 Cylindrophis ruffus   NC_001645 Gorilla gorilla 
 NC_001945 Dinodon semicarinatus   NC_001807 Homo sapiens 
 NC_005961 Leptotyphlops dulcis   NC_001992 Papio hamadryas 
 NC_007397 Ovophis okinavensis   NC_002764 Macaca sylvanus 
 GB_###### Pantherophis slowinskii   NC_002811 Tarsius bancanus 
 NC_007399 Python regius   NC_004025 Lemur catta 
 NC_007402 Xenopeltis unicolor   NC_002765 Nycticebus coucang 
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Sequences of protein-coding and rRNA genes were aligned using ClustalX 
(Thompson et al. 1997), followed by manual adjustment. Protein-coding genes were first 
aligned at the amino acid level, and then the nucleotide sequences were aligned according 
to the corresponding amino acid alignment. The alignment of rRNAs contained a small 
number of sites (corresponding to the loop-forming structures of the rRNAs) with 
ambiguous alignments only among major tetrapod lineages. Since we wanted to compare 
estimates of mitochondrial gene evolutionary rates and patterns, we chose not to exclude 
any sites of the alignment. This was also justified by preliminary phylogenetic estimates 
that suggested the incorporation of these few potentially ambiguous sites did not affect 
phylogenetic results. The main phylogeny used and presented here was inferred using the 
concatenated nucleotide sequence of all 13 protein-coding and two rRNA genes by 
maximum-likelihood (ML) analysis in PAUP 4.0 beta10 (Swofford 1997). This analysis 
incorporated the GTR+ Γ +I model of evolution, which was the best-fit model under all 
criteria in ModelTest (Posada and Crandall 1998). Estimated ML model parameters were 
as follows: rAC = 1.51278, rAG = 2.46909, rAT = 0.90191, rCG = 0.2503, rCT = 
4.56723, Γ (alpha shape) = 0.997413, and I (proportion of invariable sites) = 0.19647.  
Support for this topology was evaluated in two ways: (1) based on 1000 NJ 
bootstraps (in PAUP) with ML distances calculated under the same model as above, but 
with down-weighted synonymous sites to avoid saturation problems (rRNAs relative 
weight = 5 and 1
st
, 2
nd
, and 3
rd
 codon positions relative weights = 4, 5, and 1) and (2) 
based on Bayesian posterior probability support estimated by conducting two 
simultaneous independent MCMC runs conducted for 10
6
 generations (with the first 
400,000 generations of each run discarded as burn-in) using a GTR+ Γ +I model of 
evolution (in MrBayes 3.1; Ronquist and Huelsenbeck 2003). The burnin period was 
determined by visual assessment of stationarity and convergence of likelihood values 
between the chains. To analyze nucleotide substitution rate variation in different lineages 
and different genes, branch length estimates were separately calculated under the 
GTR+Γ+I model for different genes (COX1, ND1, ND2, ND4, ND5, CytB) and gene 
clusters (COX2 + ATP8 + ATP6, and COX3 + ND3 + ND4L; each comprising groups of 
individually short genes adjacent along the mtDNA) using the ML topology and PAML 
(Yang 1997). We also calculated the length of the internal branch (ancestral branch) 
leading to each of three nominal clades (mammals, snakes, and lizards), and the total 
branch lengths within each of these clades (species cluster length).  
To further analyze fluctuations in nucleotide substitution rates, we conducted 
sliding window analyses (SWA) on the phylogenetic dataset. The program Hyphy (Pond, 
Frost, and Muse 2005) was used to estimate branch lengths (estimated numbers of 
substitutions) for 1000 bp windows. SWA was conducted using the GTR model with 
global parameter estimation and topological relationships specified based on the ML tree 
estimate, with a window slide of 200 bp. Based on preliminary trials, the size of the 
window and slide length were chosen to minimize noise observed with shorter windows, 
but to allow differentiation of patterns in different regions. To compare patterns of 
substitution across the mitochondrial genome for select branches or groups of branches, 
we first divided substitution estimates for each window by the median substitution rate 
across all windows. Since branch lengths are estimates of δbtb  (the branch-specific 
 27
substitution rate times divergence time) this procedure estimates a ratio of substitution 
rates, δbw /δbξ , where δbw  is the branch- and window-specific substitution rate, and δbξ  is the 
branch-specific substitution rate in the median window. To evaluate whether the windows 
had relative rates that were slower or faster than expected, we took the substitution rate 
ratio from the set of all branches in the non-snakes (NS) as a standard. This was then 
subtracted from the branch-specific ratio to obtain a “standardized substitution rate”, 
δbw /δbξ −δNSw /δNSξ . When relative rates of substitution are distributed similarly across the 
mtDNA, in comparison with NS, this standardized rate comparison approaches zero.  
tRNA Structure  
To compare predicted tRNA stabilities, the secondary structures of squamate 
(snake and lizard) tRNAs were determined under the guidance of the mammalian tRNA 
cloverleaf structures (Helm et al. 2000) and the tRNAscan program (Lowe and Eddy 
1997), and then used to modify tRNA alignments by hand (tRNA
Ser
 [AGY] was not 
included in these analyses since it does not form a cloverleaf structure). To determine the 
relative stabilities of the tRNA secondary structures, we calculated the energy (ΔG  ) of 
the cloverleaf structure using the Vienna Package version 1.4 (Hofacker et al. 1994). The 
minimum energy (ΔG  ) is the predicted amount of energy (in calories) required to 
destroy the structure: the lower the energy of the molecules, the more stable its secondary 
structure.  
Analysis of Control Region Functionality  
The calculation of AMST  differs depending on whether CR1 or CR2 is functional, 
but only for the genes that are in between the two control regions, the two rRNAs and 
ND1 (Table III-3). Based on previous work, the light strand C/T ratio at synonymous 
two-fold and fourfold redundant 3
rd
 codon positions is expected to increase linearly with 
AMST  (Faith and Pollock 2004) , so we used this prediction to determine whether there 
was any evidence for activity of CR1 or CR2 in initiating heavy strand replication. We 
implemented a slightly modified version of the MCMC approach in Raina et al. (2005) to 
estimate the most likely slope and intercept of the C/T ratio gradient depending on the 
calculated AMST  at every site. We applied these calculations using AMST  from CR1 and 
CR2, and also separately calculated the slope and intercept for the most likely weighted 
average AMST  for the two control regions. Other than the addition of the weighting 
parameter, all details of the Markov chain were as in Raina et al. (2005). Relative support 
for alternative hypotheses was determined using Akaike Information Criterion (AIC) and 
Akaike weights (Akaike 1973; Akaike 1983). 
RESULTS 
Brief Summary of the New Complete Snake Mitochondrial Genomes  
The gene contents of A. piscivorus and P. slowinskii mtDNAs are similar to other 
snakes (Figure III-1; detailed genome annotation in Tables III-4 and III-5). There is a
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Table III-3. TAMS values of 16 squamates 
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Genes TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS1 TAMS2 TAMS  TAMS TAMS TAMS TAMS TAMS TAMS 
12s 0.35 1.36 0.34 1.34 0.35 1.35 0.35 1.35 0.35 1.35 0.33 1.33 0.35 1.35 0.36 1.36 0.32 1.32 0.45  0.44 0.47 0.46 0.47 0.43 0.45 
16s 0.50 1.51 0.48 1.48 0.50 1.50 0.50 1.49 0.50 1.49 0.47 1.46 0.50 1.49 0.51 1.50 0.46 1.45 0.61  0.60 0.62 0.62 0.62 0.59 0.60 
ATP6 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.35 0.35 0.33 0.33 0.35 0.35 0.36 0.36 0.33 0.33 0.39  0.37 0.35 0.36 0.36 0.39 0.37 
ATP8 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.29 0.29 0.31 0.31 0.31 0.31 0.29 0.29 0.34  0.32 0.31 0.31 0.31 0.33 0.32 
COX1 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.11 0.11 0.10 0.10 0.12  0.11 0.11 0.11 0.11 0.12 0.11 
COX2 0.26 0.26 0.25 0.25 0.26 0.26 0.26 0.26 0.25 0.25 0.23 0.23 0.25 0.25 0.26 0.26 0.23 0.23 0.28  0.26 0.25 0.26 0.25 0.27 0.26 
COX3 0.45 0.45 0.44 0.44 0.45 0.45 0.45 0.45 0.44 0.44 0.41 0.41 0.44 0.44 0.45 0.45 0.41 0.41 0.48  0.46 0.44 0.45 0.45 0.48 0.46 
CytB 1.10 1.10 1.08 1.08 1.09 1.09 1.09 1.09 1.07 1.07 1.00 1.00 1.08 1.08 1.10 1.10 1.01 1.01 1.17  1.15 1.10 1.12 1.11 1.19 1.15 
ND1 0.64 1.65 0.62 1.62 0.64 1.64 0.64 1.63 0.64 1.64 0.60 1.60 0.64 1.64 0.66 1.66 0.59 1.59 0.77  0.76 0.78 0.77 0.77 0.76 0.76 
ND2 0.91 0.91 0.92 0.92 0.91 0.91 0.91 0.91 0.92 0.92 0.92 0.92 0.92 0.92 0.91 0.91 0.92 0.92 0.91  0.91 0.91 0.91 0.91 0.91 0.91 
ND3 0.52 0.52 0.51 0.51 0.52 0.52 0.52 0.52 0.51 0.51 0.47 0.47 0.51 0.51 0.52 0.52 0.47 0.47 0.55  0.54 0.51 0.52 0.52 0.56 0.54 
ND4 0.66 0.66 0.65 0.65 0.66 0.66 0.66 0.66 0.64 0.64 0.60 0.60 0.65 0.65 0.66 0.66 0.60 0.60 0.70  0.68 0.65 0.67 0.66 0.71 0.68 
ND4L 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.55 0.55 0.51 0.51 0.55 0.55 0.56 0.56 0.52 0.52 0.60  0.58 0.56 0.57 0.56 0.60 0.58 
ND5 0.86 0.86 0.85 0.85 0.86 0.86 0.86 0.86 0.84 0.84 0.79 0.79 0.85 0.85 0.86 0.86 0.79 0.79 0.92  0.90 0.86 0.88 0.87 0.93 0.90 
ND6 0.99 0.99 0.98 0.98 0.99 0.99 0.99 0.99 0.97 0.97 0.91 0.91 0.98 0.98 1.00 1.00 0.91 0.91 1.06  1.04 0.99 1.01 1.01 1.08 1.04 
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Figure III-1. Annotated mitochondrial genome maps of Agkistrodon piscivorus and 
Pantherophis slowinskii. The two Agkistrodon samples (Api1 and Api2) have identical 
annotations except for minor variations in gene length. 
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Table III-4. Detailed genome annotation of Agkistrodon piscivorus 
 
 From To Size Strand Codon StartCodon StopCodon 
Phe 1 65 65 L TTC   
12sRNA 62 976 915 -    
Val 977 1040 64 L GTA   
16sRNA 1041 2527 1487 -    
ND1 2528 3488 961 L  ATC T 
Ile 3489 3556 68 L ATC   
Pro 3560 3622 63 H CCA   
CR1 3623 4642 1020 -    
Leu 4643 4715 73 L TTA   
Gln 4716 4785 70 H CAA   
Met 4786 4848 63 L ATG   
ND2 4849 5878 1030 L  ATA T 
Trp 5879 5944 66 L TGA   
Ala 5945 6009 65 H GCA   
Asn 6010 6081 72 H AAC   
OL 6084 6117 34 -    
Cys 6116 6175 60 H TGC   
Tyr 6176 6236 61 H TAC   
COX1 6238 7839 1602 L  GTG AGA 
Ser4 7830 7897 68 H TCA   
Asp 7898 7960 63 L GAC   
COX2 7962 8646 685 L  ATG T 
Lys 8647 8710 64 L AAA   
ATP8 8711 8875 165 L  ATG TAA 
ATP6 8866 9546 681 L  ATG TAA 
COX3 9546 10329 784 L  ATG T 
Gly 10330 10390 61 L GGA   
ND3 10391 10733 343 L  ATC T 
Arg 10734 10797 64 L CGA   
ND4L 10798 11087 290 L  ATG TA 
ND4 11088 12425 1338 L  ATG AGA 
His 12426 12487 62 L CAC   
Ser2 12488 12542 55 L AGC   
Leu4 12543 12614 72 L CTA   
ND5 12616 14403 1788 L  ATG TAA 
ND6 14399 14908 510 H  GTG AGG 
Glu 14918 14980 63 H GAA   
CytB 14981 16094 1114 L  ATG T 
Thr 16095 16159 65 L ACA   
non-coding 16160 16190 31 -    
CR2 16191 17213 1019 -    
 
duplicated control region (CR2) between ND1 and ND2, in addition to the original 
control region (CR1) present in all vertebrates adjacent to the 5’ end of the 12s 
rRNAgene (Kumazawa et al. 1996; Kumazawa et al. 1998; Dong and Kumazawa 2005). 
These genomes also possess the translocated tRNA
Leu
 common to all alethinophidian 
snakes (3’ of CR2). In addition to an intact tRNA
Pro
 between CytB and CR1, 
Pantherophis has an apparent pseudo-tRNA
Pro
 gene (Ψ-tRNAPro) between ND1 and CR2 
(as does the previously sequenced colubrid, Dinodon). This Ψ-tRNAPro exactly matches 
the first 35 bases of tRNA
Pro
. In contrast, the intact tRNA
Pro
 of Agkistrodon (and the 
previously sequenced viperid, Ovophis) is located between ND1 and CR2 (exactly the 
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location of Ψ-tRNAPro in the colubrids), and there is a 31 bp non-coding fragment 
between tRNA
Thr
 and CR1, where tRNA
Pro
 is usually located. In Ovophis, this is clearly a 
Ψ-tRNAPro as these 31 bp are an exact match the CR1-proximal end of the complete 
tRNAPro, but in Agkistrodon the homology is much less clear (see below for further 
detail). These alternative positions of tRNA
Pro
, Ψ-tRNAPro, and a previously noted (Dong 
and Kumazawa 2005) duplication of tRNA
Phe
 in Ovophis (see below) are the only notable 
mtDNA gene rearrangements identified within the alethinophidian snakes.  
Table III-5. Detailed genome annotation of Pantherophis slowinskii 
 
 From To Size Strand Codon StartCodon StopCodon 
Phe 1 60 60 L TTC   
12sRNA 59 991 933 -    
Val 992 1054 63 L GTA   
16sRNA 1055 2531 1477 -    
ND1 2532 3495 964 L  ATA T 
Ile 3496 3561 66 L ATC   
PseudoPro 3558 3592 35     
CR1 3593 4613 1021 -    
Leu2 4614 4686 73 L TTA   
Gln 4689 4759 71 H CAA   
Met 4761 4822 62 L ATG   
ND2 4823 5852 1030 L  ATT T 
Trp 5853 5917 65 L TGA   
Ala 5919 5981 63 H GCA   
Asn 5983 6055 73 H AAC   
OL 6058 6093 36 -    
Cys 6092 6152 61 H TGC   
Tyr 6153 6214 62 H TAC   
COX1 6216 7817 1602 L  GTG AGA 
Ser4 7808 7874 67 H TCA   
Asp 7875 7938 64 L GAC   
COX2 7940 8624 685 L  ATG T 
Lys 8625 8688 64 L AAA   
ATP8 8690 8848 159 L  ATG TAA 
ATP6 8839 9519 681 L  ATG TAA 
COX3 9519 10302 784 L  ATG T 
Gly 10303 10363 61 L GGA   
ND3 10364 10706 343 L  GTG T 
Arg 10707 10771 65 L CGA   
ND4L 10772 11061 290 L  ATG TA 
ND4 11062 12399 1338 L  ATG TAA 
His 12400 12464 65 L CAC   
Ser2 12465 12521 57 L AGC   
Leu4 12519 12589 71 L CTA   
ND5 12590 14356 1947 L  ATG ATT 
ND6 14353 14853 501 H  ATG TAG 
Glu 14863 14924 62 H GAA   
CytB 14923 16039 1117 L  ATG T 
Thr 16040 16103 64 L ACA   
Pro 16104 16164 61 H CCA   
CR2 16165 17189 1025 -    
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Comparison of A. piscivorus Genomes  
Polymorphisms were observed between the two Agkistrodon genomes, Api1 and 
Api2, for all protein and rRNA genes (Table III-6) and for 14 of 22 tRNAs (Table III-7). 
The 12s and 16s rRNAs were the most conserved genes between the two Agkistrodon 
individuals, with 2% and 3% sequence divergence respectively (Figure III-2A; Table III-
6). Protein-coding genes differed more, up to 6.2% for ND3 (Figure III-2A; Table III-6). 
Most differences occurred at 3
rd
 codon positions (Figure III-2A; Table III-6), as expected 
under predominantly neutral patterns of divergence (for example, 57/58 substitutions in 
COX1 were at 3
rd 
codon positions). Within an mtDNA, the duplicated CRs of each newly 
Table III-6. Gene-specific polymorphisms observed between the two Agkistrodon 
piscivorus genomes (Api1 and Api2) 
 
   Substitutions 
Genes Length Similarity all 1st 2nd 3rd aa 
12s RNA 915 98.80% 11 - - - - 
16s RNA 1487 97.40% 39 - - - - 
ATP6 681 95.00% 32 5 2 25 4 
ATP8 165 93.94% 11 3 1 7 3 
COX1 1602 96.38% 58 0 1 57 2 
COX2 685 96.50% 24 6 0 18 3 
COX3 786 96.40% 28 6 1 21 5 
CytB 1114 95.33% 52 10 3 39 10 
ND1 960 96.46% 34 8 1 25 3 
ND2 1030 96.12% 40 6 4 30 8 
ND3 343 93.88% 21 2 6 20 8 
ND4 1338 95.81% 56 9 3 44 5 
ND4L 290 97.93% 6 2 0 4 2 
ND5 1788 94.46% 96 21 9 69 28 
ND6 510 95.00% 26 3 4 19 5 
CR1 1021 98.20% 19 - - - - 
CR2 1022 98.40% 18 - - - - 
 
 
sequenced species are nearly identical, as is typical for alethinophidian snakes 
(Kumazawa et al. 1998; Dong and Kumazawa 2005). In Pantherophis there is a single 
point mutation and four extra nucleotides at one end of CR1, in Api1 there is one indel 
plus 14 extra nucleotides on one end of CR1, and in Api2 there are seven indels and two 
base changes between the two control regions. Comparing within a species between Api1 
and Api2, CR1 differs by five indels and 19 point mutations, whereas CR2 differs by 
three indels (two at the 5’ end) and 18 point mutations. Within Agkistrodon, the control 
regions (e.g. CR1 in Api1 vs. CR1 in Api2) are as similar to each other as rRNAs and 
more similar than the protein coding genes (Figure III-2A). This is in strong contrast to 
the normal pattern of divergence between vertebrate species, for which control region 
similarity is far less than that of protein-coding or rRNA genes. Between Agkistrodon and 
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the other viperid Ovophis, the control regions have 30% more differences (with indels 
included) than the rRNAs, and are on par with divergence in the protein-coding genes 
(Figure III-2B). If indels are included, the control regions between these two species are 
nearly as different as the average 3
rd
 codon position (Figure III-2B). The high degree of 
similarity (low divergence) observed between the CRs of the two Agkistrodon individuals 
(e.g., CR1 of Api1 vs. CR1 of Api2) is surprising, and contrasts sharply with the high 
relative divergence of CRs between Ovophis and Agkistrodon (Figure III-2).  
Table III-7. Polymorphisms observed in tRNA genes between Agkistrodon piscivorus 
genomes (Api1 and Api2) 
 
tRNA Length Similarity Substitution location 
Phe 65 96.92% g deleted in D-Loop and t-c in T-loop 
Val 64 98% t-c in T-Loop 
Ile 68 92.65% a-g g-a,c-t,t-c in T-Loop, and a-g in stem 
Pro 63 100%  
Leu 73 100%  
Gln 70 100%  
Met 63 100% deletion of a in D-arm 
Trp 66 95.45% g-a and a-g in anticodon arm, and g-t in T-Loop 
Ala 65 98.46% c-t in variable loop 
Asn 72 100%  
Cys 60 96.67% c-t in stem, t-c in T-Loop 
Tyr 61 100%  
Ser4 68 98.53% t-g in D-Loop 
Asp 63 100%  
Lys 64 98.44% deletion of t in T-Loop 
Gly 61 100% deletion of a in D-arm 
Arg 64 98.44% a-g in stem 
His 62 98.39% c-t in stem 
Ser2 55 98.18% t-g in D-Loop 
Leu4 72 94.44% 
c-t in stem, insertion of c in variable loop, a-g in anticodon stem, a-t in T-
Loop 
Glu 63 93.65% t-g in D-stem, a-t, t-a and deletion of g in T-Loop 
Thr 65 100%  
 
Phylogenetics  
Taxonomic sampling in this study was designed to include multiple groups to 
compare with the snakes. We included all available snakes, crocodilians and turtles with 
complete mitochondrial genomes, as well as a sampling of birds and mammals (mostly 
primates), all lizards with an unambiguous evolutionary relationship to snakes, and the 
tuatara (Rest et al. 2003). The phylogenetic tree obtained by ML is shown, with NJ 
bootstrap values (BS) and posterior probabilities (PP) for branch existence, which were 
generally high (Figure III-3). Our phylogeny estimate provides a well-resolved and, in 
many cases, strongly-supported amniote phylogeny that is consistent with previous 
molecular studies. Differences between the ML topology (Figure III-3), and the topology 
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based on Bayesian analysis (not shown) were minor, and included an alternative 
placement of Bos among mammals, and alternative placements of Gallus and Rhea 
among birds. Additionally, relationships among lizard taxa varied, with Cordylus 
estimated to be the sister lineage to all other lizards, and an alternative placement of 
Varanus in the Bayesian estimate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III-2. Differences per site for homologous genes or groups of sites in the two 
Agkistrodon genomes and in the two viperid genomes. The differences per site are shown 
for a comparison of Api1 and Api2 (A), and for Agkistrodon (mean of Api1 and Api2) 
and Ovophis (B). Differences are shown only for the longer protein-coding genes. For the 
control regions only, differences are shown for each aligned site including indels (e.g., 
CR1+I), or excluding indels (e.g., CR1-I). For all other genes, indels are not included in 
the difference measure. The bars for 3rd codon positions (3rd Codon) and for all codon 
positions (All Codon) are summed over all protein-coding genes. 
 
All phylogenetic estimates provided an identical well-supported topology for 
relationships among snakes (Figure III-3), and a summary of results concerning snake 
relationships is shown in Figure III-4. The Scolecophidia (Typhlopoidea), represented  
0
0.02
0.04
0.06
0.08
0.1
0.12
CO
X1
Cy
tB ND
1
ND
2
ND
4
ND
5
12
s R
NA
16
s R
NA
CR
1 -
 I
CR
2 -
 I
CR
1 +
 I
CR
2 +
 I
3rd
 C
od
on
Al
l C
od
on
Su
bs
tit
ut
io
ns
 / 
Si
te
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
CO
X1
Cy
tB ND
1
ND
2
ND
4
ND
5
12
s R
NA
16
s R
NA
CR
1 -
 I
CR
2 -
 I
CR
1 +
 I
CR
2 +
 I
3rd
 C
od
on
Al
l C
od
on
Su
bs
tit
ut
io
ns
 / 
Si
te
A 
B 
 35
 
 
Figure III-3. Maximum likelihood phylogeny for vertebrate taxa included in this study. 
This phylogeny is based on all protein-coding and rRNA genes. Most branches have 
greater than 95% support for both NJ ML distance bootstrap and Bayesian posterior 
probability support (see Methods), and are not annotated with support values. Where 
support from either measure is less than 95%, the support values are indicated by ratios, 
with the ML bootstrap support on top and the Bayesian posterior probability support 
below in italics, except for two nodes with less than 50% support by either measure, 
which are indicated by a hollow circle. Other than for these two nodes, support values 
less than 50% are indicated with an asterisk (*). 
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Figure III-4. Hypotheses for the relative timing of alterations in mitochondrial genome 
architecture and molecular evolution throughout snake phylogeny. The topological 
relationships among snakes and branch lengths shown are the same as in Figure III-3. 
Major groups of snakes are indicated along with the approximate diversification time of 
the Alethinophidian. 
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here by Leptotyphlops, formed the sister group to the remaining snakes. Rather than 
finding support for a sister-group relationship between Henophidia and Caenophidia 
(Acrochordus plus Colubroidea; e.g., Dong and Kumazawa 2005; Gower et al. 2005), we 
find strong support for Acrochordus as the sister lineage to the Henophidia. Hereafter we 
will therefore operationally refer to Henophidia as including Acrochordus, and we will 
refer to the sister clade of the Henophidia as the Colubroidea (Lawson et al. 2005).  
Since both the snake and the overall amniote phylogeny are strongly supported by 
our analysis of this dataset, we will henceforth treat this phylogeny as though it is 
accurate. We wish to emphasize, however, that the consistency of the phylogenetic 
results do not guarantee that they are, in fact, accurate. Some difficult questions were 
avoided (amphisbaenian lizards were not included because their placement in relation to 
snakes is uncertain), and we used a single nucleotide substitution model for the entire 
dataset rather than a complex set of partitioned models. We have, however, analyzed an 
expanded version of this dataset (with additional mtDNAs) using complex partitioned 
models for each gene and codon position, and the resulting phylogeny estimates were 
essentially identical to those presented here. We provide evidence below for extremely 
complex non-stationary patterns of nucleotide substitution across branches and mtDNA 
regions, and have previously identified asymmetric substitution gradients in mtDNA 
(Faith and Pollock 2003) that may vary among species (e.g. primates; Raina et al., 2005). 
These latter patterns cannot be modeled using available phylogenetic programs (e.g., 
MrBayes). Some of us are currently developing new analytical strategies to accommodate 
these spatial and temporal nucleotide substitution dynamics, but the subject of improved 
phylogenetic reconstruction using such methods is a complicated topic that is outside the 
scope of this study, and we will reserve it for future research. We expect our phylogenetic 
estimates here to represent a good estimate of the relationships among mtDNAs sampled, 
and if minor inaccuracies in the topology have occurred in our estimates, these changes 
should not substantially impact the qualitative conclusions of further analyses (e.g., 
sliding window analysis, SWA) because a majority of these later estimates are averaged 
over many branches of the tree, and the dynamics we concentrate on are quite dramatic 
and are likely to be obvious and qualitatively similar even with slight inaccuracies in the 
topology estimate.  
Nucleotide Frequencies and Control Region Functionality  
 
In Agkistrodon and Pantherophis mtDNA, as in other vertebrates (e.g., Reyes et al. 
1998), nucleotides A and C are favored on the light strand, particularly at 3
rd
 codon 
positions. This bias is probably related to elevated rates of deamination mutations on the 
heavy strand incurred during replication (see Background), and is not systematically 
different between lizards and snakes, although there is considerable variation among 
individual mtDNAs.  
Due to the simple linear relationship in most vertebrate mtDNAs between C/T 
ratios and TAMS  predicted based on the location of the (functional) control region, it is of 
interest to determine whether there has been any clear genetic effect of the duplicated 
control region in alethinophidians. Exclusive use of one control region or the other would 
be most strongly observable in ND1, the only protein-coding gene located between the 
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two control regions in alethinophidian snake mtDNAs. Since the nucleotide sequence of 
duplicate control regions is nearly identical within each genome, however, it is also 
reasonable to consider the possibility that both control regions are functional. 
To test these predictions, we applied our MCMC analysis (Raina et al. 2005) to fit 
alternative models of exclusive CR1 or CR2 usage, or mixed control region effect (Table 
III-8). The Akaike weights for the alternative individual models provide a prediction of 
the degree to which a control region is exclusively functional, while the weight parameter 
in the mixed model represents the time-averaged effect of mixed control region usage on 
the C/T ratios. There is evidence for at least mixed CR2 usage in all but one species 
(Cylindrophis). The evidence is good for exclusive or nearly exclusive CR2 functionality 
in two species (Acrochordus and Python), and for a strong CR2 preference in 
Agkistrodon. The patterns appear to be species-specific (strong preferences for a 
particular control region are widely dispersed on the tree), which may indicate rapid 
evolution of the strength of the gradient (as suggested in primates; Raina et al. 2005) or 
rapid evolution of differential usage of the two control regions. Species with ambiguous 
control region preferences may have mixed usage, may not have a strong enough gradient 
to differentiate, or may have previously switched usage and thus have not reached 
mutational equilibrium. A potentially relevant observation is that three of the five 
henophidians have both strong control region preferences and also greater divergence 
between their CR sequences than do colubroids (Dong and Kumazawa 2005).  
Table III-8. Negative log likelihood values and Akaike weights (in parentheses) for 
individual origin of replication models and the mixed model, along with the most likely 
CR2 preference parameter in the mixed model, for alethinophidian snakes. 
 
 Individual model Mixed model 
a. Species OH
CR1
 OH
CR 2
 OH
CR1 +OHCR 2  % OHCR 2  
Agkistrodon piscivorus 1179.2 (18%) 1178.0 (60%) 1179.0 (22%) 99% 
Pantherophis slowinskii 1164.6 (29%) 1164.1 (47%) 1164.8 (24%) 54% 
Dinodon semicarinatus 1167.1 (21%) 1166.2 (57%) 1167.1 (22%) 78% 
Ovophis okinavensis 1252.7 (38%) 1252.6 (45%) 1253.5 (17%) 59% 
Boa constrictor 854.5 (29%) 853.9 (50%) 854.8 (21%) 64% 
Acrochordus granulatus 1245.0 ( 2%) 1241.5 (72%) 1242.5 (26%) 100% 
Xenopeltis unicolor 1159.4 (31%) 1159.0 (45%) 1159.6 (24%) 50% 
Python regius 1133.0 ( 1%) 1128.9 (72%) 1130.0 (26%) 100% 
Cylindrophis ruffus 1129.8 (70%) 1132.6 (4%) 1130.8 (26%) <1% 
 
Gene Length and Stability of Truncated tRNAs in Snakes  
 
In snakes, all protein-coding genes (except COX1), ribosomal RNAs, tRNAs, and 
individual CRs are shorter than their counterparts in most lizards and most other 
vertebrates (Figure III-5). An exception to this is Sphenodon, for which the control region, 
ATP8 (ATP synthase subunit 8) and the 12s rRNA are all shorter than in snakes. With the 
increased sampling in this study, it appears that while the tRNAs and proteins became  
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Figure III-5. Comparison of gene lengths in snakes and other squamates. The total 
length is shown for all protein coding regions (A), tRNAs (B), and rRNAs (C). All snakes 
are in gray, while other squamates (lizards) are in black, and light gray and dark gray bars 
are drawn under snake species to indicate membership in the Colubroidea or Henophidia, 
respectively. 
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shorter prior to the divergence of all snakes, the tRNAs became shorter still in 
colubroidea (Figures III-4 and III-5). Notably, the rRNAs did not become shorter in 
Leptotyphlops or Henophidia, but are dramatically shorter in the Colubroidea (Figures 
III-4 and III-5). 
The shorter length of tRNAs in snakes results mainly from a truncated T-arm in 
the secondary structure (see also Kumazawa et al. 1996; 1998). In some tRNAs, the D-
arm is also shorter, but to a lesser extent than the T-arms. Although short tRNAs are 
typically less stable than long ones, there is only a minor effect of sequence length on 
secondary structure stability (ΔG) in snake tRNAs. The cloverleaf structures of most 
snake tRNAs are slightly less stable than their lizard counterparts (Table III-9), but two 
tRNAs (tRNA
Ile
, tRNA
Met
) are actually more structurally stable in snakes than in other 
squamates with longer tRNAs.  
Table III-9.  C/T ratio at 3rd codon position of protein-coding genes within selected 
Lepidosaurs 
 
 Snakes  Lizards 
 A
pi
1 
A
pi
2 
O
vo
ph
is
 
Pa
nt
he
ro
ph
is
 
D
in
od
on
 
Ac
ro
ch
or
du
s 
B
oa
 
Cy
lin
dr
op
hi
s 
Py
th
on
 
Xe
no
pe
lti
s 
Le
pt
ot
yp
hl
op
s 
 Ig
ua
na
 
Eu
m
ec
es
 
Sc
el
op
or
us
 
Co
rd
yl
us
 
Ab
ro
ni
a 
Sh
in
isa
ur
us
 
Va
ra
nu
s 
ATP6 2.18 2.65 1.78 1.37 1.77 0.84 2.06 1.72 1.83 1.06 5.75  2.90 1.58 1.48 2.11 1.22 1.35 1.44 
ATP8 2.29 2.29 1.18 1.71 1.33 0.56 0.88 1.17 2.71 0.77 2.67  5.25 3.17 1.75 4.20 2.22 1.14 2.30 
COX1 2.07 2.27 2.16 1.09 1.30 0.83 2.11 1.54 1.90 1.43 3.86  2.58 1.54 2.08 1.77 1.17 1.20 1.37 
COX2 2.65 3.23 2.14 1.16 1.80 0.98 1.87 1.14 1.61 1.53 5.44  2.88 1.89 1.75 2.00 1.55 1.30 1.36 
COX3 2.50 2.42 1.81 1.73 2.49 1.38 3.00 1.47 2.44 3.03 5.70  3.87 1.67 2.31 2.12 1.51 1.57 1.67 
CytB 2.27 2.84 2.29 1.61 2.07 1.30 3.78 2.23 3.02 3.04 6.88  5.61 1.91 1.83 2.85 1.34 1.07 1.85 
ND1 3.39 3.59 2.43 1.94 2.40 1.91 3.33 1.67 4.79 2.39 4.38  4.39 1.68 2.02 3.14 1.76 1.39 1.68 
ND2 3.05 3.85 2.95 1.63 2.34 1.68 2.84 3.03 3.11 2.53 4.50  4.89 2.68 2.42 2.50 1.43 1.40 1.42 
ND3 2.59 3.06 2.10 1.07 2.20 0.69 3.33 2.47 2.88 1.48 5.10  5.20 1.64 1.15 1.79 1.23 2.40 2.00 
ND4 2.40 3.02 2.22 1.28 1.46 1.04 2.08 1.94 2.93 1.96 4.29  5.03 1.99 2.63 2.10 1.45 1.44 1.85 
ND4L 2.57 2.13 1.00 1.22 1.86 1.41 2.17 2.14 1.40 1.25 3.00  5.86 2.11 1.88 2.12 1.26 0.94 1.65 
ND5 2.27 2.69 2.37 1.95 1.94 1.33 2.80 2.05 2.74 1.94 5.22  4.38 2.66 2.19 2.40 1.21 1.32 2.13 
ND6 0.05 0.05 0.08 0.05 0.05 0.01 0.08 0.03 0.08 0.03 0.05  0.08 0.29 0.09 0.11 0.08 0.05 0.14 
 
Spatio-Temporal Substitution Rate Dynamics across MtDNA Genes and Regions  
 
Although the mitochondrial genomes of snakes (as well as crocodilians) have 
been identified as evolving faster than other tetrapods (Kumazawa and Nishida 1999; 
Hughes and Mouchiroud 2001; Janke et al. 2001), the details and uniformity of such rate 
dynamics have not been investigated. To assess the difference in substitution rates among 
genes, we fixed the topology (Figure III-3) and calculated branch lengths based on 
rRNAs and on all protein-coding genes (Figure III-6). Somewhere along the branches 
leading to modern snake taxa there was a slight increase in the rate of molecular 
evolution of rRNAs and a dramatic increase in protein-coding gene rates. For the rRNAs, 
most other major amniote groups have experienced similar amounts of total evolution 
from their common ancestor with the amphibians, and the snake lineages stand out as 
unusual in their accelerated evolution (Figure III-6A). For protein-coding genes, there is  
 41
   A: rRNA tree                             B: protein coding genes tree 
 
 
 
Figure III-6. Phylograms based on the relative branch lengths for rRNA and protein-
coding genes, topologically constrained based on the ML phylogeny (Figure III-3). 
Branch lengths on this constrained topology were estimated using all rRNA genes (A) or 
all protein-coding genes (B). The substitution rate scale is the same in both trees. 
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much more variation, and mammals, some lizards, crocodilians, and one turtle have 
longer branches than the other turtles, lizards, and all birds (Figure III-6B). The snake 
lineage has, comparatively, even longer branches than any of these groups, and certain 
branches (e.g., the ancestor of all snakes and the ancestor of Alethinophidian) are 
disproportionately long compared to branch lengths based on rRNAs (Figure III-6). To 
evaluate this further, branch lengths were calculated for different genes and gene clusters. 
There was considerable variation among genes with respect to relative branch lengths in 
the ancestral snake lineages (data not shown). As an example, for each gene or gene 
cluster we compared cumulative branch lengths within three clades (mammals, snakes, or 
lizards) and among the lineages leading to their common ancestors (Figure III-7).  
 
  
 
 
Figure III-7. Comparison of branch lengths from different genes and gene clusters for 
mammals, snakes, and lizards. Branch lengths for each gene or gene cluster are shown 
based on the cumulative branch lengths within each clade (A), or based on the gene or 
gene cluster branch length estimated along the ancestral branch leading to each nominal 
clade (B). Mammals are shown in gray, snakes in black, and lizards in white fill. rRNA 
branch lengths have been multiplied by ten to make them visible in this figure compared 
to protein branch lengths. 
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There is a remarkable degree of consistency in the total and relative amounts of evolution 
between the mammal clade and the lizard clade (Figure III-7A). In contrast, four genes 
and gene clusters (COX1, CytB, the COX2+ATP6+ATP8 cluster, and the 
COX3+ND3+ND4L cluster) have relatively longer branch lengths (indicating higher 
substitution rates) in snakes than in lizards and mammals. For the remaining genes (ND1, 
ND2, ND4, and ND5) the total branch lengths for snakes are either intermediate or 
similar to that of mammals and lizards. There is more variation for the ancestral branches 
(Figure III-7B), which is not surprising given that it is a single branch with shorter total 
length, but a few details stand out. First, the snake ancestral branch length is similar to 
the mammal ancestral branch length for a majority of genes, but is considerably shorter 
for the rRNAs and ND2, and is obviously far longer for COX1. Combining evidence 
from Figure III-7 with the tree-based evidence (Figure III-6), we interpret these patterns 
as indicating that there has been accelerated evolution in many mitochondrially-encoded 
proteins along ancestral branches of the snake phylogeny, but that most ND subunits have 
experienced minimal acceleration, similar to the rRNAs. 
To qualitatively elucidate the spatio-temporal dynamics in rates of substitution 
between gene regions that occur across branches, we plotted the branch lengths derived 
from rRNAs (which appear to have had only minimal acceleration; e.g., Figure III-6A) 
versus the branch lengths of various genes and gene clusters (Figure III-8). All gene pairs 
generally appear to have highly correlated branch lengths (Figure III-8), but some 
branches are outside the main distribution. These are of the greatest interest since they 
may indicate unusual molecular evolutionary dynamics in these genes, including possible 
accelerated evolution. Two branches consistently below the main distribution in most 
comparisons are the terminal branch leading to Ovophis and the ancestral branch leading 
to the henophidians (Figure III-8). Looking back (Figure III-6), it is apparent that these 
two branches are disproportionally longer in the rRNA trees than in the protein trees. 
These two lineages (the ancestor of Henophida, and Ovophis) appear to have experienced 
acceleration of rRNA genes well beyond the mild accelerated evolution of rRNA that 
occurred along the ancestral lineages leading to all snakes and to the Alethenophidia.  
The ancestral branches leading to all snakes and to the alethenophidians are well 
above the main distribution in comparisons of COX1 (Figure III-8A), CytB (Figure III-
8B), and COX2+ATP6+ATP8 (Figure III-8C). Notably, these clusters include nearly all 
mitochondrially-encoded protein-coding genes except those from ND (although ND6 
does show some dramatic acceleration; Figure III-8H). This suggests that the acceleration 
was targeted at certain functional groups of genes, and was not ubiquitous or evenly 
distributed across all mitochondrial genes. The ancestor of the Colubroidea does not 
stand out as having had experienced notable accelerated evolution in these comparisons, 
which could mean that it did not, or that acceleration across various genes is balanced by 
acceleration of rRNA evolution. We also observed several non-snake tetrapod tip 
branches that were outliers on these plots (Figure III-8), indicating that differential 
selection on a single gene has occasionally occurred in taxa other than snakes. 
The branch leading to Leptotyphlops is not detectably accelerated in any 
comparison in this analysis (Figure III-8), and generally falls amidst the distribution of 
non-snake vertebrates. The branch leading to Acrochordus (the most divergent 
henophidian, as described earlier) is outstanding only in the COII+ATP6+ATP8 
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comparison (and slightly in CytB; Figure III-8). All other branches in the snakes 
(unlabelled filled circles in Figure III-8) are consistently in the midst of the distribution, 
indicating either that any accelerated evolution in their proteins is proportionally matched 
by acceleration in their rRNAs (which is somewhat inconsistent with Figure III-6A), or 
that genome-wide evolutionary rates conform to average relative rates in tetrapods 
(Figure III-8).  
 
 
Figure III-8. Plot of branch lengths obtained from rRNA versus various genes and gene 
clusters. Snake branches are indicated with filled circles, and non-snake tetrapod 
branches are indicated with an unfilled circle. The locations of selected snake branches 
are labeled (in bold) with arrows. Outlying non-snake branches are indicated and labeled 
in normal type. Genes and gene clusters shown are  (A) COX1, (B) CytB, (C) COX2 + 
ATP6 + ATP8, (D) ND2, and (E) COX3 + ND3 + ND4L, (F) ND1, (G) ND4, (H) ND5, 
(I) ND6. 
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To further evaluate the variation in spatio-temporal dynamics of substitution rates 
across the mitochondrial genome, we used SWA of branch-specific and group-specific 
patterns of relative substitution. Only one of these comparisons, that of the henophidian 
terminal branches, shows little variation of standardized substitution rates across the 
genome (Figure III-9C). This suggests that the distribution of substitutions across the 
mtDNA of contemporary henophidians is nearly identical to the distribution across 
 
Figure III-9. Standardized substitution rates across the mitochondrial genome for 
selected branches or clusters. For each 1000 bp window applied to a set of branches, 
standardized substitution rates were obtained by first dividing by the median window 
value for that branch, and then subtracting this value from the average across all non-
snake branches. This helps to visualize regions of the genome that are evolving at slower 
or faster rates, with the average tetrapod relative rate being zero. Branches or branch sets 
shown are (A) the ancestor of all snakes and the ancestor of the Alethinophidian; (B) the 
ancestor of the Colubroidea and the sum of all colubroid terminal branches; and (C) the 
ancestor of the Henophidia and the sum of all henophidian terminal branches. 
 
the mtDNA of other tetrapods, and thus that contemporary henophidians are not 
undergoing atypical gene-specific selection. The terminal colubroid branches are also 
A 
B 
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fairly flat except for the downstream half of the 16s rRNA (Figure III-9B), which may be 
entirely attributable to acceleration of the 16s rRNA in Ovophis, as discussed earlier. The 
patterns in the ancestors of henophidians, colubroids, alethenophidians (henophidians 
plus colubroids), and of all snakes contrast sharply with this background, and instead 
have distinctive atypical gene-specific patterns (Figure III-9). In the ancestor of 
alethenophidians, there is a strong peak coinciding with the end of COX1, and covering 
COX2, ATP6, and ATP8, and there is another peak in ND6 and CytB (Figure III-9A). In 
the ancestor of all snakes, there are less distinctive rises in the same areas. In contrast, the 
ancestor of the Colubroidea has low relative rates in the region from COX1 to ND4, but 
has rate peaks in the beginning of ND5, in ND6, in the 12s rRNA, and somewhat of a 
peak in the middle of the 16s rRNA (Figure III-9B). The ancestor of the Henophidia has a 
broad low peak from ATP6 to ND4 (including COX3, ND3, and ND4L), another peak in 
ND6, and an extremely large peak in the end of the 16s rRNA (Figure III-9C). It is 
notable that the henophidian ancestral 16s peak closely matches the Ovophis peak in the 
same region. 
In summary, the ancestor of all snakes appears to have had moderately 
accelerated evolution in the region starting near the end of COX1 thru COX2, ATP8, and 
somewhat into ATP6, and also in the separate region including the end of ND5, ND6, and 
CytB (and a rise in ND1). The COX1, COX2, ATP8, and ND6 accelerations increased 
and were stronger in the ancestor of the Alethenophidia, while the ND5 acceleration 
decreased, and a notable acceleration of CytB also occurred. In the ancestor of the 
Colubroidea, only the ND6 acceleration continued, but new rate peaks arose in ND5, 12s 
rRNA, and the first part of the 16s rRNA, followed by a strong dropoff in all gene-
specific acceleration in modern colubroid lineages, except in the end of 16s rRNA in 
Ovophis. In the ancestor of the Henophidia, the accelerated rates of evolution (in COX1, 
COX2, ATP8, and ND5 genes) observed along the branch leading to the alethenophidians 
diminished (except for ND6 as in the Colubroidea), but new rate peaks arose in ATP6, 
COX3, ND3, ND4L, and the latter half of the 16s rRNA. These punctuated gene-specific 
accelerations were followed by the complete elimination of all atypical gene-specific 
signals of rate differentiation in contemporary henophidian lineages. We find no evidence 
for a constant accelerated rate of snake mtDNA evolution. Instead, our analyses of rates 
and patterns of substitution underscore both the spatial (gene-specific) and temporal 
(branch-specific) nature of molecular evolutionary rate dynamics in snake mtDNA. 
DISCUSSION 
 
In this exploratory comparative analysis, we have investigated the potential 
causes and molecular evolutionary consequences of the unique mitochondrial genomic 
architecture of snakes. The three new complete snake mitochondrial genomes presented 
here, together with previously existing vertebrate genomes, compose an intriguing dataset 
that provides a preliminary perspective on a complex history of potentially adaptive 
genomic change in snakes. Unusual changes in gene size and nucleotide substitution rates 
have accompanied or followed the change in genomic architecture (Figure III-4), but 
despite evidence for variable among-lineage functionality of the duplicate control region 
in snakes, the changes in substitution dynamics cannot be directly explained by the 
changes in genome architecture. Collectively, the patterns we have identified over the 
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course of snake mitochondrial genome evolution are most consistent with some type of 
broad selective pressure on the efficiency and function of oxidative metabolism in snakes.  
Gene Size Reduction and Control Region Functionality  
All vertebrate mitochondrial genomes are compact, but nevertheless there is a 
strong trend for genes to be smaller in snakes than in other vertebrate mitochondrial 
genomes. Most of the reductions in gene lengths are evident in all snakes, including 
Leptotyphlops (Figures III-4 and III-5), but there are large further reductions in rRNA 
genes in the Colubroidea, and more moderate further reductions in tRNAs and some 
proteins. We do not have a direct measure of how this gene shortening affects the 
function of mitochondrial genes, but in the case of tRNAs, stability (presumably related 
to functionality) was only slightly affected by reduced length in snakes. It is interesting 
that the genomic size reduction due to gene shortening in alethenophidians is more than 
offset by the retention of duplicate control regions in alethenophidians, maintained by 
concerted evolution. This suggests that these dual CRs are maintained because they 
provide some selective advantage potentially including enhancement of mitochondrial 
genome replication and/or transcription, perhaps allowing these processes to occur more 
quickly (Sessions and Larson 1987), or facilitating increased transcriptional control (see 
below).  
Based on the genetic evidence of C/T gradients on the light strand, the duplicate 
control region appears to function in heavy strand replication in at least some snakes, 
although there is evidence for considerable variation in CR usage across snake lineages 
(Table III-8). It is difficult to extrapolate from the genetic data, however, a precise 
molecular model to explain the mechanism of dual control region function, and the mixed 
model weight cannot be directly interpreted as measuring control region functionality. 
For example, if the control regions usually function simultaneously and equally well in 
the same replication event, then it is possible that (due to their relative positions) the TAMS  
of ND1 would be higher than the average of the two individual TAMS , perhaps close to the 
value predicted if only CR2 were functional. In other words, strong evidence for a TAMS  
consistent with CR2 function may indicate that CR2 functions alone during replication, 
but may also be indicative of dual CR function in each replication event. Future analyses 
with increased taxon sampling (especially with more closely related snake taxa) should 
help clarify patterns resulting from recent replication activity, and may be able to discern 
between potential molecular models.  
Despite some uncertainty regarding the details of how dual control regions may 
be involved in genome replication, our data provide considerable evidence that all but 
one species (Cylindrophis) of alethenophidian snakes utilize CR2, to some extent, to 
initiate genome replication. A number of apparently evolutionarily independent origins of 
CR duplication, coupled with CR concerted evolution, have been recently identified in 
several divergent vertebrate lineages, including eels (Inoue et al. 2003), frogs (Sano et al. 
2005), birds (Eberhard, Wright and Bermingham 2001; Abbott et al. 2005), and lizards 
(Amer and Kumazawa 2005; Kumazawa and Endo 2004), although no examples are 
know from mammalian taxa. It seems reasonable to expect that these other vertebrates 
with dual CRs (homogenized by concerted evolution) may also use the duplicate CR or 
both CRs as origins of genome replication. Each of these examples is associated with 
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unique rearrangements of genome architecture, and it would be interesting to search for 
potential mutational effects of these rearrangements and evidence of differential or dual 
CR usage. In contrast, however, our results (and additional unpublished data) suggest that 
the dramatic shifts in rates and patterns of molecular evolution in snakes represent a 
unique phenomenon that we do not expect to be necessarily associated with CR 
duplication, but rather more likely associated with selection for mitochondrial function. 
As an example, the Sphenodon and Varanus samples included both have duplicated CRs, 
and the Varanus CRs are homogenized via concerted evolution, but no indications of 
dramatic rate dynamics were observed for either of these lineages.  
Concerted Evolution in and around the Duplicate Control Regions  
The control region appears to have duplicated only once in the ancestor of 
alethenophidian snakes over 70 MYA (Kumazawa et al. 1996; Kumazawa et al. 1998; 
Dong and Kumazawa 2005; based on the fossil record of snakes: Rage 1987), and this 
duplication has been maintained in all alethenophidians sequenced to date (Figure III-4). 
The two control regions clearly undergo concerted evolution to maintain reciprocal 
homogeneity between control regions within a genome (Kumazawa et al. 1996; 
Kumazawa et al. 1998; Dong and Kumazawa 2005), presumably through gene 
conversion. Two interesting points arise from the greater sampling of the relatively 
closely-related viperids and colubrids presented here.  
First, there is an apparently nonfunctional partial (or pseudo) proline tRNA (Ψ-
tRNA
Pro
) in the colubrids that appears to be maintained by concerted evolution (Figure 
III-1). In Pantherophis, Ψ-tRNAPro is identical to the first 35 bp of tRNAPro, and in 
Dinodon the Ψ-tRNAPro differs from tRNAPro by only a single insertion; thus, the Ψ-
tRNA
Pro
 closely reflects the divergence patterns of functional tRNAs (there is only one 
indel between the tRNA
Pro
 from Pantherophis and Dinodon) rather than the pattern 
expected from nonfunctional DNA in a genome selected for reduction in gene size. In 
colubrids and most other snakes, tRNA
Pro
 is located between CR1 and tRNA
Thr
, and the 
colubrid Ψ-tRNAPro is located in the same relative position next to CR2 and adjacent to 
tRNA
Ile
 (Figure III-1).  
The concerted evolution of these tRNAs could be explained by a tendency for 
gene conversion events involving the duplicate control regions to extend into the 
homologous tRNA regions. If this is correct, the Ψ-tRNAPro may be only slowly lost as 
differences accumulate at the end distal to CR2. It is possible that the pseudogene is a 
leftover remnant from the original duplication that created the duplicate control region.  
The location of tRNA
Pro
 in Agkistrodon (and other viperids) between CR2 and tRNA
Ile
, 
precisely where the Ψ-tRNAPro is located in colubrids (Figure III-1), could also be 
explained as a remnant from the original CR duplication. Under this hypothesis, the 
functional tRNA
Pro
 of viperids would have been retained adjacent to the duplicate control 
 49
region (CR2), and the original tRNA
Pro 
(adjacent to CR1) was eliminated or became a 
pseudogene. Both Ovophis and Agkistrodon have a 31 bp sequence between tRNA
Thr
 and 
CR1, but in Ovophis these 31 bp are identical to the CR2-proximal portion of the intact 
tRNA
Pro
, while in Agkistrodon this 31 bp segment shares only 12 bp with the canonical 
tRNA
Pro
, and is thus only marginally identifiable as homologous. Although this is not 
definitive proof of concerted evolution, it is suggestive that there was only one 
duplication, and that concerted evolution has occurred recently in Ovophis and the 
colubrids, but that the Ψ-tRNAPro in Agkistrodon (Figure III-1) has diverged too much, 
and is no longer capable of concerted evolution.  
The time span during which both duplicate tRNA
Pro
 genes would have had to 
remain functional is long (i.e., tens of millions of years), however, if this is a remnant of 
the original CR duplication, it is surprising that the functional tRNA
Pro
 is almost always 
in the same location as in the colubrids. A simple alternative explanation is that a 
tRNA
Pro 
duplication occurred in some common ancestor of the Colubridae and Viperidae, 
and was resolved differently in different lineages. The gene conversion process that 
homogenizes the control region may occasionally pick up extra DNA, making tRNA
Pro
, 
or part of it, prone to duplication at this location. Alternatively, gene duplications 
adjacent to the control region may simply be more likely to be preserved for long periods 
of time by concerted evolution. The existence of a duplicate tRNA
Phe 
between CR2 and 
tRNA
Leu
 in Ovophis (Dong and Kumazawa 2005) makes repeated duplication seem a 
more likely possibility (these two tRNA
Phe
 differ by only 3 of 64 bp; implying either 
concerted evolution or recent duplication).  
The second point of interest concerning gene conversion that arises from this 
study is a preliminary indication of differential evolutionary processes operating on the 
CRs within versus between species. Vertebrate mitochondrial control regions typically 
evolve very rapidly, and this is the case in a comparison of the two viperid species 
(Ovophis and Agkistrodon) in which CRs from these species are approximately as 
divergent as the fastest positions within the mtDNA, third codon positions (Figure III-2B). 
Contrastingly, the two Agkistrodon piscivorus genomes, Api1 and Api2, have surprisingly 
similar CRs between individuals (Figure III-2A; Table 6), comparable to the similarity 
between rRNA genes, among the slowest regions in the mtDNA. A previous study on 
viperid snakes also showed slow within-species CR evolutionary rates (Ashton and de 
Queiroz 2001), and other studies have demonstrated alternative rates of CR evolution 
operating within versus between species in fish (Tang et al. 2005).  
In this study we have found a great deal of rate heterogeneity among genes, so it 
is certainly possible that the normally unconserved control regions have become suddenly 
critical and conserved in Agkistrodon. Alternatively, it is plausible that the complex (and 
poorly understood) process of gene conversion of CRs within a genome may also alter 
rates of CR evolution within species through a yet unknown process of gene conversion 
that may involve intragenomic (or even intergenomic) recombination. Although 
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occasional cases of recombination between mitochondria have been proposed (Piganeau, 
Gardner, and Eyre-Walker 2004; Tsaousis et al. 2005), there is still very little evidence 
for a molecular mechanism to explain how concerted evolution in mitochondrial genomes 
may operate. A densely sampled collection (with intra and interspecific examples) of 
snake mtDNAs may eventually be able to directly address such questions.  
Potential Impacts of Genome Architecture on Genome Replication and 
Transcription 
In mitochondrial genomes (particularly in vertebrates), the processes of 
replication and transcription are not entirely functionally independent, and genome 
structural organization plays a prominent role in both processes. The CR acts as the 
origin of heavy strand replication, in addition to its role as the promoter for both heavy 
and light strand transcription (Fernandez-Silva, Enriquez and Montoya 2003). Genome 
replication also depends on the processing of light strand transcripts to produce short 
primers required for heavy strand initiation of genome replication (originating from the 
CR; Clayton 1982). The regular distribution of the tRNA genes throughout the mtDNA is 
functionally significant, and these play an important role in RNA processing of 
polycistrons to yield mature RNAs, transcription initiation and termination, as well as 
initiation of light strand replication (Fernandez-Silva, Enriquez and Montoya 2003). 
Collectively, many functional ramifications are linked tightly to genome architecture in 
vertebrate mitochondria.  
The possession of two functional control regions in most snake mtDNA could be 
advantageous by increasing the rate at which genome replication proceeds, and/or 
increasing the overall number of mtDNA copies per mitochondrion. It is also possible 
that dual control regions could alter patterns of transcription, since either could 
potentially serve as an origin of light or heavy strand transcripts.  
Since the dual CRs essentially flank the rRNA genes, they (along with adjacent 
tRNAs) could also plausibly function to independently control rates of protein-coding 
and rRNA gene transcription. Across snake species, there are several alterations of the 
tRNAs flanking the CRs, including the translocation of tRNALeu (3’ of CR2) and the 
duplication / translocation / truncation of tRNAPro. In vertebrates, tRNALeu has been 
shown to decouple rates of rRNA and mRNA transcription by acting as a terminator of 
~95% of heavy strand transcription (leading to ~20-fold higher rRNA vs. mRNA levels; 
Fernandez-Silva, Enriquez and Montoya 2003). Considering the ectothermy of snakes, 
transcriptional decoupling via independent control regions could provide a more direct 
means of countering thermodynamic depression of enzymatic rates at low temperatures. 
The role of the tRNAPro in genome regulation is not entirely clear, but it is 
adjacent to the promoter site for light strand transcription (for some tRNAs and ND6), 
and is also adjacent to the initiation site for heavy strand replication. It is therefore 
plausible that  tRNAPro plays roles in initiation or attenuation of both processes. Despite 
considerable progress in deciphering the molecular mechanisms involved in vertebrate 
mitochondrial replication and transcription, many intriguing questions remain regarding 
these processes. Vertebrate mtDNAs with unique mitochondrial genome architectures, 
such as alethenophidian snakes, represent an ideal comparative model for future research 
examining the impacts of genome architecture on mitochondrial function. 
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Comparative Rates of Molecular Evolution  
Previous studies have suggested that snake mitochondrial genomes have an 
accelerated rate of evolution (e.g., Kumazawa et al. 1998; Dong and Kumazawa 2005). 
Our results suggest this general conclusion is actually an oversimplification of a much 
more complex scenario, and that rates of snake mtDNA evolution incorporate broad 
temporal (branch-specific) and spatial (gene and gene region-specific) dynamics. 
Ancestral branches early in snake evolution appear to be associated with dramatically 
elevated evolutionary rates and rate dynamics across the mitochondrial genome (Figure 
III-4). In contrast, terminal snake lineages (branches) appear to have patterns of mtDNA 
evolution that are strikingly similar to other (non-snake) vertebrate mtDNAs. Our 
analyses here have concentrated on relative rates of evolution across the mtDNA, and 
future studies that incorporate a greater diversity of snake mtDNA together with 
estimates of absolute rates of evolution (by calibrating nodes with divergence times) will 
be required to further characterize the absolute rate dynamics that have occurred.  
There is no obvious reason why the existence of duplicate control regions or the 
usage of CR2 as an origin of heavy strand replication should result in genome-wide 
acceleration of protein evolutionary rates. Among protein-coding genes, only ND1 might 
be expected to experience relatively higher rates of evolution in genomes with duplicate 
CRs, due to higher rates of mutation (based on increased TAMS), yet it and other ND genes 
are among the least accelerated of the mitochondrial protein-coding genes. Although it is 
possible that the usage of dual CRs leads to decreased accuracy of DNA synthesis 
(Kumazawa et al. 1998), we were unable to find evidence for an increased neutral 
transversion rate (data not shown), nor would this hypothesis explain the rate dynamics 
observed among genes.  
Our results suggest that terminal alethenophidian branches have not experienced 
particularly accelerated rates of molecular evolution (except for rRNA in Ovophis), but 
that the early branches in snake evolution did experience highly differential rate 
acceleration that varied along lineages and among genes (Figure III-4). The punctuated 
nature of this phenomenon suggests that the evolution of two CRs, gene shortening, and 
the variable molecular evolutionary rate dynamics may be collectively related by a larger 
pattern of selection for functionality (perhaps correlating with a shift in metabolic 
function).  
In support of a hypothesis involving selection for overall oxidative metabolic 
function, the accelerated rates of molecular evolution in snakes appears to depend greatly 
on gene function, with most ND subunits accelerating only slightly and occasionally, 
while the COX, ATP, CytB, and rRNA evolutionary accelerations are dramatic and 
punctuated. The roles of these accelerated proteins (and the mitochondria in general) in 
energetics via oxidative phosphorylation are well known, and it may be that a single 
causative agent accompanying the diversification of snakes that dramatically altered 
metabolic demand, or led to a fluctuation in metabolic demand, was responsible for large-
scale changes in selective pressure on these proteins. If so, it may eventually be possible 
to find evidence for similar adaptive pressure on related nuclear-encoded snake proteins. 
It is worth noting that other cases have recently been identified in which mitochondrial 
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proteins appear to have undergone bursts of selection in response to fluctuating energetic 
demands (e.g., McClellan et al. 2005).  
We are undertaking a detailed analysis of coevolutionary interactions (e.g., 
Pollock, Taylor, and Goldman 1999; Wang and Pollock 2005), three-dimensional 
structure, and site-specific selection events in snake mitochondrial proteins in an attempt 
to understand this acceleration in greater functional detail. This requires further sampling 
of snake genomes to obtain sufficient accuracy and statistical power, and is complicated 
by the ancient nature of the evolutionary acceleration; the most dramatic evidence for 
acceleration exists at the base of the Serpents clade rather than in modern snake lineages 
(Figure III-4).  
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CHAPTER IV 
SQUAMATE PHYLOGENY 
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INTRODUCTION 
Based on morphology, squamates are grouped into two clades: the Iguania 
(Igunaidae, Agamidae, and Chamaeleonidae) and the Scleroglossa (Dibamidae, 
Amphisbaenia, Serpentes, Gekkonidae, Xantusiidae, Lacertidae, Teiidae, 
Gymnophthalmidae, Scincidae, Cordylidae, Anguidae, Xenosauridae, Shinisauridae, 
Helodermatidae, and Varanidae. Estes et al. 1988; Arnold, 1998). According to 
morphology, modern snakes and lizards diverged from diapsid reptiles, and a limited 
consensus has been reached on overall squamate topology (Figure IV-1, Townsend et al. 
2004; Vidal et al. 2005; Fry et al. 2005), but the precise relationship between snakes 
(serpents) and lizards has not yet been well-determined using morphological data 
(Caldwell et al. 1997; Lee 1997, 1998; Lee et al. 1998, 1999, 2000; Caldwell, 1999; 
Zaher et al. 1999; Cundall et al. 2000; Underwood 1967; Rieppel et al. 1988, 2000a, 
2000b, 2001, 2003; Tchernov et al. 2000), limited molecular data (Heise et al. 1995; 
Forstner et al. 1995; Macey et al. 1997; Vidal et al. 2004, 2005; Fry et al. 2005; Dong et  
 
Figure IV-1. Consensus squamate topology, derived from Townsend et al. 2004; Vidal et 
al. 2005; Fry et al. 2005 
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al. 2005; Gower et al. 2005), or even a combination of both (Townsend et al. 2004; Lee 
2005a, 2005b). The assessment of the precise relationship between snakes and lizards is 
also impeded by the limited availability of well-preserved snake fossils. Due to the 
absence of limbs in snakes and similarity in vertebrae between snakes and other 
squamates, morphological characters on the snake skulls are particularly valuable for 
serpent classification. Unfortunately, in most cases the skulls of snakes and snake-like 
lizards were not well fossilized, making the job of assigning these fossils to their 
appropriate groups difficult.  
With the recent increase in the availability of molecular data from squamates, 
squamate phylogenetic studies have begun to use molecular data. But a little success was 
made concerning the relationship between snakes and other squamate due to the limited 
molecular dataset (Forstner et al. 1995; Macey et al. 1997; Vidal et al. 2004, 2005; Fry et 
al. 2005; Townsend et al. 2004). 
Despite these impediments in determining the phylogenetic placement of snakes, 
previous studies have made tremendous contributions to this issue.  Several hypotheses 
have been proposed regarding the phyletic affinity of snakes: 1) some studies (Lee 1998, 
2000, 2005a, 2005b; Caldwell et al. 1997; Macey et al. 1997) indicated that snakes 
originated from large marine mosasauroids, a clade close to Varanidae (Figure IV-2); 2) 
Caldwell (1999) and Hallermann (1998) proposed that snakes might be the sister group of 
Amphisbaenia; 3) some researches (Oliver 1996; Jamieson 1996) suggested that the 
common ancestry of snakes and pygopods (Australian legless lizards related to geckos) 
deserves consideration; 4) some investigators (Underwood 1970; Hoffstettern 1968; 
Rieppel 1980, 1983) believed that snakes are the sister taxon to all lizards. The hotly 
debated topic of the origins of snakes as a group is reflected in the above hypotheses as 
well.  The two competing origin hypotheses that have emerged are as follows: 1) the 
marine origin hypothesis (Cope 1869; Nopcsa 1923; Caldwell et al. 1997, Lee 1998; Lee 
et al. 1999; Lee 2005a, 2005b), which states that snakes are sister to marine lizards; and 2) 
the terrestrial origin hypothesis (Camp 1923; Mahendra 1938; Wall 1940; Underwood 
1967; Rieppel et al. 1988; Tchernov et al. 2000; Vidal et al. 2004), which proposes that 
snakes derived from one lineage of terrestrial lizards. 
In the past decade, the debate of snake origins was even fueled by discoveries and 
analyses of several well preserved snake-like fossils with short posterior limbs (genera 
Pachyrhachis, Haasiophis and Eupodophis). These fossils combine some characters of 
advanced (macrostomatan) snakes with plesiomophic squamate traits. Some researchers 
(Caldwell et al. 2001; Lee et al. 2002) claimed that these fossils were remnants of 
primitive snakes, which link snakes closely to mosasauroids, a group of extinct marine 
lizards. Other researchers (Tchernov et al. 2000; Zaher et al. 2000, 2002) contended that 
those fossils were the remnants of species closely related to macrostomatans, the 
advanced snakes. These two different interpretations lead to opposite conclusions about 
snake origins. Thus, the discovery of new snake-like fossils tends to generate a more 
intense debate on the issue of snake origins instead of putting an end to it. 
In summary, the origin of snakes has been left unresolved due to several reasons: 
1) the limited number of morphological traits in snake anatomy (no limbs, low 
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osteological differentiation of the trunk); 2) limited molecular data; and 3) the paucity of 
qualified fossil records of snakes and limbless lizards.  
 
 
 
Figure IV-2. Squamate topology proposed by Lee (1998). Lee proposed that snakes 
originated from marine mosasauroids. 
The longstanding and unresolved question of snake origin still commands 
attentions, because the answer to this question will lead us to: 1) understand the evolution 
of the snake body plan; 2) access whether the limblessness in snake lineage evolved 
independently from other limbless squamates; 3) appreciate the evolution of special 
genome features in snake lineage; and 4) eventually to recover the accurate squamate 
phylogeny, which is a premise of a precise analysis of selective pressure in snake lineage. 
The mtDNA is a widely used system for evolutionary study due to three valuable 
features: a) a mechanism of maternal inheritance (Kondo et al. 1990; Gyllestein et al. 
1991) and lack of recombination (Clayton, 1982; Hayashi et al. 1985), which presents 
 57
clear orthology of homologous gene (Wolstenholme 1992; Boore 1999; Saccone et al. 
2002) and eliminates the confounding factors in the phylogenetic reconstructions 
(Schierup et al. 2000; Posada et al. 2002); b) a compact genome, which allows easier 
DNA sequence determination and computational analyses than would nuclear genomes; c) 
the presence of varieties of mitochondrial encoded genes experiencing variable 
evolutionary pressures, which provide an evolutionary context for the genome. Therefore 
mtDNA offers a higher resolution of squamate phylogeny and yield insights into the 
particularities of snake evolution and molecular processes (Rest et al. 2003).  
Currently, the number of completely sequenced mtDNAs of vertebrates is 
increasing rapidly, but the sequenced mitochondrial genomes of squamates are not yet 
present in the density and diversity necessary to recover the true topology of squamates 
(Pollock et al. 2002; Zwickl et al. 2002; Hillis et al. 2003). To attempt to achieve a 
reasonably dense and diverse sampling of snakes and lizards, I selectively sequenced the 
complete mitochondrial genomes of Typhlops reticulatus, Python regius, and Varanus 
salvator, and the ribosomal RNAs and protein-coding genes of Boa constrictor, Anolis 
carolinensis, and Ophisaurus attenuatus. Along with existing squamate mitochondrial 
genomes, these newly-sequenced species provide a better taxon sampling of snake and 
lizard lineages, yielding a more accurate resolution of squamate phylogeny, and 
hopefully providing deeper insight into the relationship between snakes and lizards. For 
the phylogenetic reconstruction, all available squamates were included, in addition to 
representative species of mammals, birds, crocodilians, and turtles. The reasons for 
including a variety of vertebrates in this phylogenetic analysis are two-fold: first, an 
analysis using a broad sampling of taxa can evaluate the evolutionary rate of snakes more 
accurately by comparing it with the rates of other groups of vertebrates. Secondly, by 
including various groups of vertebrates, general evolutionary patterns among vertebrates 
could be inferred with less bias, thus making it easier to assess how snakes evolved more 
accurately. 
In this study, the vertebrate phylogeny was reconstructed using Maximum 
likelihood (ML) and Bayesian analysis. As for the Bayesian analysis, a single model 
approach and several partition model strategies were accomplished to interpret the 
evolutionary patterns in the dataset. With the current robust data set, my analysis can 
shed light on the question of snake origin and squamate phylogeny. 
MATERIALS AND METHODS 
Phylogenetic Reconstruction 
The phylogenetic reconstruction involved 65 tetrapods, including 17 lizards, 11 
snakes, and a tuatara, Sphenodon punctatus (Rest et al. 2003), as well as 36 additional 
taxa heavily sampled from chelonians, crocodilians, birds, and mammals. Two 
amphibians were used as the outgroup (Table IV-1, the crocodilians, Gavialis gangeticus 
and Crocodylus moreleti, are unpublished genomes, and are kindly provided by Dr. 
David Ray).  
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Table IV-1. Genebank I.D. of species involved in phylogenetic reconstruction. 
 
Turtles NC_000886 Chelonia mydas Birds NC_002781 Tinamus major 
 NC_001947 Pelomedusa subrufa  NC_000846 Rhea americana 
 NC_002780 Dogania subplana  NC_002785 Struthio camelus 
 NC_002073 Chrysemys picta  NC_002784 Dromaius novaehollandiae 
Tuatara NC_004815 Sphenodon punctatus  NC_002782 Apteryx haastii 
Lizards NC_002793 Iguana iguana  NC_001323 Gallus gallus 
 NC_000888 Eumeces egregius  NC_000879 Smithornis sharpei 
 NC_005962 Cordylus warreni  NC_002069 Corvus frugilegus 
 NC_005960 Sceloporus occidentalis  NC_000880 Vidua chalybeata 
 NC_005959 Shinisaurus crocodilurus  NC_003128 Buteo buteo 
 NC_005958 Abronia graminea  NC_000878 Falco peregrinus 
 NC_006287 Bipes biporus  NC_002197 Ciconia ciconia 
 NC_006286 Bipes tridactylus  NC_002196 Ciconia boyciana 
 NC_006285 Geocalamus acutus Crocodilians NC_002744 Caiman crocodilus 
 NC_006284 Amphisbaena schmidti  NC_004448 Alligator sinensis 
 NC_006283 Diplometopon zarudnyi  NC_001922 Alligator mississippiensis 
 NC_006282 Rhineura floridana  From David Ray Gavialis gangeticus 
 NC_006288 Bipes canaliculatus  From David Ray Crocodylus moreleti 
 AB080275-6 Varanus komodoensis Mammals NC_001567 Bos taurus 
 New Anolis carolinensis  NC_002763 Cebus albifrons 
 New Ophisaurus attenuatus  NC_002082 Hylobates lar 
 New Varanus salvator  NC_001646 Pongo pygmaeus 
Snakes NC_005961 Leptotyphlops dulcis  NC_001644 Pan paniscus 
 NC_001945 Dinodon semicarinatus  NC_001645 Gorilla gorilla 
 NC_007402 Xenopeltis unicolor  NC_001807 Homo sapiens 
 NC_007401 Cylindrophis ruffus  NC_001992 Papio hamadryas 
 NC_007400 Acrochordus granulatus  NC_002764 Macaca sylvanus 
 NC_007397 Ovophis okinavensis  NC_002811 Tarsius bancanus 
 NC_007398 Boa constrictor  NC_004025 Lemur catta 
 NC_007399 Python regius  NC_002765 Nycticebus coucang 
 New Agkistrodon piscivorus Amphibians NC_001573 Xenopus laevis 
 New Pantherophis slowinskii  NC_002756 Mertensiella luschani 
 New Typhlops reticulatus    
 
The mtDNA sequences were aligned using ClustalX (Thompson et al. 1997), 
followed by manual adjustment. Protein-coding genes were aligned at the amino acid 
level first, and then the nucleotide sequences were aligned according to the corresponding 
amino acid alignment. The nucleotide sequence of 13 concatenated protein-coding genes 
and ribosomal RNAs was subjected to Maximum-Likelihood (ML) phylogenetic 
reconstruction using PAUP* 4.0 beta10 (Swofford 1997). GTR+ Γ+I was selected by 
ModelTest (Posada et al. 1998), and parameters were as follows: rate matrix was 
(1.43468, 2.33238, 0.82359, 0.26132, 4.17175, 1), Γ (alpha shape) w as 1.00447, and I 
(proportion of invariable sites) was 0.16999.  
Maximum likelihood (ML) is a robust method for phylogenetic reconstruction 
using DNA sequences since the implementation of complex models of molecular 
evolution can better account for heterogeneity of evolutionary rate. More often than not, a 
phylogenetic reconstruction is accomplished by ML using a single complex evolution 
model (e.g. GTR+Γ+I, HKY+Γ+I). However, a DNA sequence with multiple genes, or 
even a single gene, can exhibit diverse evolutionary patterns (e.g. different substitution 
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rate and nucleotide frequency on the three codon positions of protein-coding genes, the 
stem and loop segments of tRNAs and rRNAs) that cannot be sufficiently interpreted by a 
single specified nucleotide substitution model and associated parameters. For example, 
using a single model, average nucleotide frequency is estimated for all sites, but, in fact, 
the nucleotide frequency for different codon positions or different genes is variable, and 
in some cases, the difference is so significant that the phylogenetic reconstruction could 
be misled. Thus, for molecular data with multiple genes (e.g. a complete mitochondrial 
genome) or diverse evolutionary patterns, a single-model introduces significant 
systematic error and misleads the phylogenetic analysis (Leache et al. 2002; Reeder 2003; 
Wilgenbusch et al.  2000). Systematic error is error in parameter estimation caused by an 
incorrect assumption (Swofford et al. 1996), and a good example is the case of using a 
single model to recover complex evolutionary patterns. Besides that, random error, which 
is error in parameter estimation due to a constrained data set, is also problematic in 
phylogenetic reconstruction. Both systematic error and random error will mislead 
phylogenetic reconstruction and should be reduced maximally, but systematic error could 
be more severe in that it may result in well-supported, yet erroneous, relationships, or 
decrease support for legitimate relationships (Swofford et al. 1996). For a molecular 
dataset exhibiting diverse evolutionary patterns, one solution to reduce systematic error is 
to employ a partitioned-model that allows each partition (e.g. each gene, or each codon 
position) to have an appropriate model and associated parameter estimations, and 
subsequently, incorporates these into a single ML tree search. Fortunately, this 
partitioned-model analysis of molecular data is available in MrBayes by Markov chain 
Monte Carlo (MCMC). Several studies (Castoe et al. 2004, 2006; Brandley et al. 2005) 
reported that a partitioned-model approach could better account for the heterogeneity of 
evolutionary patterns in molecular data, and produce better likelihood scores and more 
accurate topologies. In partitioned-model analysis, the purpose of partitioning is to divide 
molecular data into a number of partitions according to variable evolutionary patterns. 
Thus, molecular data within each given partition shows approximately the same 
evolutionary pattern, and an appropriate model is applied to each partition. However, 
partitioned-model analysis does not always generate better results. As partitions increase, 
the amount of data in each partition decreases accordingly, directly resulting in increased 
random error. Moreover, inappropriate partitioning of molecular data could also 
introduce errors in phylogenetic reconstruction. To reduce such error, this study 
employed Bayes factor to select the best partitioning strategy to optimize the balance 
between the number of partitions and partition size. 
For the single-model (model P1) in Bayesian analysis, GTR+ Γ+I model was 
selected by ModelTest and phylogenetic reconstruction was performed by MrBayes 3.1b 
(Hulsenbeck 2001). MCMC analyses were run for one million generations with three 
heated chains and one cold chain using the same nucleotide sequences as in ML 
reconstruction. A random beginning tree was used and all parameters were estimated by 
MrBayes, and a tree was sampled every 100 generations. To avoid trapping in a local 
minimum, the analysis was run twice.  
For partitioned Bayesian analysis, three partitioning strategies were evaluated. 
The first strategy divided the complete mitochondrial sequence into 5 partitions (model 
P5: one partition for each of the two rRNAs, and one partition for each of the three codon 
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positions of all protein-coding genes). The second strategy divided the complete 
mitochondrial sequence into 15 partitions (model P15: one partition for each of the two 
rRNAs, and one for each of the 13 protein-coding genes) according to gene identity. The 
third strategy divided the complete mitochondrial sequence into 41 partitions (model P41: 
one partition for each of the two rRNAs, and one partition for each of three codon 
positions of each of 13 protein-coding genes) according to codon positions of protein-
coding genes. Appropriate models of sequence evolution were selected for each partition 
of the three partitioning strategies by likelihood ratio tests (LRT) in ModelTest. 
Partitioned Bayesian analysis was implemented by applying previously determined 
models to each partition. The MCMC analysis was run for 5 million generations for all 
partitioned models (P5, P15, and P41). Starting from a random tree, one tree was sampled 
every 100 generations. Analysis for each partitioning strategy was run twice to avoid 
trapping in a local minimum. 
Once MCMC analysis was completed, likelihood scores of sample points were 
plotted against generation, and all sample points prior to stationarity were discarded as 
burn-in. The post burn-in generations were used to generate a 50% majority rule 
consensus tree and calculate likelihood scores and other parameters (e.g. nucleotide 
frequency, and proportion of invariable sites). 
Model Selection 
Bayes factor (B10) was employed to evaluate which partitioned-model is better 
fitting in the molecular data. Bayes factor, here, is the ratio of the harmonic means of the 
likelihoods of the two partitioned-models being evaluated: 
B10= (Harmonic Mean L1) / (Harmonic Mean L0) 
L0 is the likelihood of H0, and L1 is the likelihood of H1. The harmonic mean likelihood 
can be calculated by using the command sump in MrBayes. Selection of partition strategy 
was determined by the Bayes factor according to Table IV-2 (provided by Jeffreys 1935, 
1961, and modified by Raftery 1996). A 2ln Bayes factor larger than 10 indicates that the 
alternative partitioned strategy is better than the null one. 
 
Table IV-2. Cut off value for 2ln Bayes factor for partitioned-model selection. 
 
2ln Bayes Factor Evidence for H1 
<0 support H0 
0 to 2 not support H1 
2 to 6 support H1 
6 to 10 strongly support H1 
>10 very strongly support H1 
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Jackknife Simulation 
From the original alignment (15k aligned sites after removing gaps) of 65 
vertebrate mtDNAs, 10k aligned sites were randomly extracted to make a new alignment. 
This process was repeated 1000 times to make 1000 such new alignments. A Neighbor-
Joining (NJ) tree was generated by each new alignment in PAUP*, creating a total of 
1000 NJ trees (NJ1-NJ1000).  For a given NJ tree, the site likelihood value was 
calculated for each site in the original alignment of complete mtDNA in PAUP*. Tree 
distance between each two trees was calculated in PAUP*. Two trees are considered to 
be similar trees if tree distance between these two is smaller than 16 (this criterion is 
based on observation, and it is also determined by the number of taxa considered). 
RESULTS 
Selection of Models 
There are four models being tested in the Bayesian analysis: a single model (P1), 
and three partitioned-models with 5 partitions (P5), with 15 partitions (P15), and with 41 
partitions (P41), respectively. Detected by ModelTest, in each model, GTR+ Γ+I was 
selected for most partitions (Table IV-3). For each model (P1, P5, P15 and P41), after 
removing first generations prior to the plateau of likelihood (2x105 generations of P1, 
5x105 of P5, 2.5x106 of P15, and 3x106 of P41), a 50% majority consensus tree and 
harmonic mean likelihood were derived from post burn-in generations. In general, 
likelihood value increases as number of partitions increases; however, the likelihood 
derived from P15 is lower than that from P5 although P15 has more partitions that P5 does. 
The lower likelihood derived from P15 compared to that from P5 indicates that more 
partitions do not necessarily produce better results. Model P41 was consistently 
significantly better than less partitioned models, and is the best model among the four 
evaluated models (P1, P5 P15 and P41) fitting in this molecular dataset. Bayes factor (Table 
IV-5) suggests that the model with the most partitions (P41) is significantly better than the 
other models (P1, P5 and P15) in accounting for the heterogeneity of evolution in this 
dataset. 
Squamate Phylogeny 
Figure IV-3 presents the ML topology of 65 tetrapods reconstructed in PAUP*.  
Figure IV-4 is a consensus topology reconstructed by a single model (P1) in MrBayes 
after burnin first 2x105 generations prior to stabilization. Figure IV-5 is a consensus tree 
inferred by P5 partitioned-model in MrBayes after removing the first 5x105 generations 
prior to stabilization. Figure IV-6 is a consensus tree inferred by P15 partitioned-model in 
MrBayes after removing 2x106 generations prior to stabilization. Figure IV-7 is a 
consensus tree inferred by P41 partitioned-model in MrBayes after burn in 2x106 
generations prior to stabilization. The discrepancies regarding the placements of several 
species are observed among these five topologies: in Figures IV-3, IV-4 (both inferred by 
single-model) and IV-5 (P5 model), Boa taurus is incorrectly placed as sister to Tarsius 
bancanus, and Cordylus warreni is erroneously placed as an outgroup of other squamates. 
In Figure IV-6 (P15 model), B. taurus and C. warreni are both placed in expected  
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Table IV-3. Data partitions and selected model for each partition. 
 
Model Partition Model   Model Partition Model 
P1 all data GTR+Γ+I   P41 12s rRNA GTR+Γ+I 
P5 12s rRNA GTR+Γ+I    16s rRNA GTR+Γ+I 
 16s rRNA GTR+Γ+I    1st codon of ATP6 GTR+Γ+I 
 1st codon  GTR+Γ+I    2nd codon of ATP6 GTR+Γ+I 
 2nd codon GTR+Γ+I    3rd codon of ATP6 GTR+Γ+I 
 3rd codon GTR+Γ+I    1st codon of ATP8 GTR+Γ+I 
P15 12s rRNA GTR+Γ+I    2nd codon of ATP8 GTR+Γ+I 
 16s rRNA GTR+Γ+I    3rd codon of ATP8 GTR+Γ+I 
 ATP6 GTR+Γ+I    1st codon of COI GTR+Γ+I 
 ATP8 GTR+Γ+I    2nd codon of COI GTR+Γ+I 
 COI GTR+Γ+I    3rd codon of COI GTR+Γ+I 
 COII GTR+Γ+I    1st codon of COII GTR+Γ+I 
 COIII GTR+Γ+I    2nd codon of COII GTR+Γ+I 
 CytB GTR+Γ+I    3rd codon of COII GTR+Γ+I 
 ND1 GTR+Γ+I    1st codon of COIII GTR+Γ+I 
 ND2 GTR+Γ+I    2nd codon of COIII GTR+Γ+I 
 ND3 GTR+Γ+I    3rd codon of COIII GTR+Γ+I 
 ND4 GTR+Γ+I    1st codon of CytB GTR+Γ+I 
 ND4l GTR+Γ+I    2nd codon of CytB GTR+Γ+I 
 ND5 GTR+Γ+I    3rd codon of CytB GTR+Γ+I 
  ND6 GTR+Γ+I    1st codon of ND1 GTR+Γ+I 
      2nd codon of ND1 GTR+Γ+I 
      3rd codon of ND1 GTR+Γ+I 
      1st codon of ND2 GTR+Γ+I 
      2nd codon of ND2 GTR+Γ+I 
      3rd codon of ND2 GTR+Γ+I 
      1st codon of ND3 GTR+Γ+I 
      2nd codon of ND3 GTR+Γ+I 
      3rd codon of ND3 GTR+Γ+I 
      1st codon of ND4 GTR+Γ+I 
      2nd codon of ND4 GTR+Γ+I 
      3rd codon of ND4 GTR+Γ+I 
      1st codon of ND4l GTR+Γ+I 
      2nd codon of ND4l GTR+Γ+I 
      3rd codon of ND4l GTR+Γ+I 
      1st codon of ND5 GTR+Γ+I 
      2nd codon of ND5 GTR+Γ+I 
      3rd codon of ND5 GTR+Γ+I 
      1st codon of ND6 GTR+Γ+I 
      2nd codon of ND6 GTR+Γ+I 
          3rd codon of ND6 HKY+Γ+I 
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Table IV-4. The likelihood value of four models. 
 
Model  lnL 
P1 -525035.33 
P5 -515642.23 
P15 -518792.1 
P41 -510013.12 
 
Table IV-5. Comparison of partition models by 2ln Bayes factor. 
 
Model P5 P15 P41 
P1 9393.1* 6243.23* 15022.21* 
P5  -3149.87 5629.11* 
P15     8778.98* 
Models in column are null models, and models in row are alternative models. * means that the alternative 
model is significantly better than the null one. 
locations: B. taurus is a sister taxon to primates, and C. warreni is clustered with another 
skink lizard (Eumeces egregious); however, the phylogenetic placement of turtles is 
incorrect, which probably explains why the likelihood value derived from P15 model is 
worse than that from simpler model P5. In Figure IV-7, B. taurus is placed as sister taxon 
of primates, and C. warreni is clustered with E. egregious: this branch order is 
compatible with general mammal phylogeny and consensus topology of squamates. This 
topology (Figure IV-7) is strongly supported by posterior probability as well. Generally, 
the phylogenetic placements of the remaining taxa are consistent among the five 
topologies (Figures IV-3, 4, 5, 6, and 7). Since the P41 model was determined by Bayes 
factor analysis as the best-fitting model for the data and the consensus tree derived from 
this partitioned-model is also in agreement with common phylogenetic knowledge, the 
topology derived from P41 model (Figure IV-7) is treated as the best tree and used in 
subsequent analyses. 
In Figure IV-7, mammals form one cluster, in which B. taurus is a sister taxon of 
primates. Birds and crocodilians constitute the monophyletic Archosauria, and the tuatara 
and squamates form the monophyletic Lepidosauria. Turtles are placed as a sister group 
of archosaurs instead of diapsids (Gauthier et al. 1988; Laurin et al. 1995; Lee 1995, 
1997; Benton 1997, pp.130-131) or lepidosaurs (Rieppel et al. 1996; deBraga et al. 1997), 
which is consistent with other studies (Rest et al. 2003; Kumazawa et al. 1999; Platz et al. 
1997; Mannen et al. 1997; Gorr et al. 1998, Janke et al. 2001), and the increased 
taxonomic density lends stronger support for this branching order than previous studies 
(Rest et al. 2003; Zardoya et al. 1998). Five anguimorphs (S. crocodilurus, A. graminea, 
O. attenuatus, V. komodoensis, and V. salvator) are monophyletic, and are sister to 
another clade containing three iguanidae (I. Iguana, S. occidentalis, and A. carolinensis). 
E. egregious and C. warreni are clustered, and are sister to the other squamates. 
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Figure IV-3. Maximum likelihood topology of 65 taxa. Reconstructed by GTR+Γ+I 
model using nucleotide sequences of concatenated two rRNAs and 13 protein-coding 
genes on mtDNA in PAUP*. 
0.1
Mertensiella luschani
Xenopus laevis
Bos taurus
Tarsius bancanus
Lemur catta
Nycticebus coucang
Cebus albifrons
Hylobates lar
Pongo  pygmaeus
Gorilla gorilla
Homo sapiens
Pan paniscus
Papio hamadryas
Macaca sylvanus
Sphenodon punctatus
Cordylus warreni
Agkistrodon piscivorus
Ovophis okinavensis
Pantherophis guttatus
Dinodon semicarinatus
Acrochordus granulatus
Boa constrictor
Cylindrophis ruffus
Python regius
Xenopeltis unicolor
Typhlops reticulatus
Leptotyphlops dulcis
Rhineura floridana
Diplometopon zarudnyi
Geocalamus acutus
Amphisbaena schmidti
Bipes tridactylus
Bipes canaliculatus
Bipes biporus
Eumeces egregius
Iguana iguana
Sceloporus occidentalis
Anolis carolinensis
Shinisaurus crocodilurus
Abronia graminea
Ophisaurus attnuatus
Varanus komodoensis
Varanus salvator
Caiman crocodilus
Alligator sinensis
Alligator mississippiensis
Gavialis gangeticus
Crocodylus moreletii
Tinamus major
Rhea americana
Struthio camelus
Dromaius novaehollandiae
Apteryx haastii
Gallus gallus
Smithornis sharpei
Corvus frugilegus
Vidua chalybeata
Falco  peregrinus
Buteo buteo
Ciconia ciconia
Ciconia boyciana
Pelomedusa subrufa
Dogania subplana
Chrysemys picta
Chelonia mydas
Mammals 
Snakes 
Amphisbaenian 
Other Lizards 
Crocodilians 
Birds 
Turtles 
Tuatara 
Amphibians 
 65
 
 
 
Figure IV-4. Topology reconstructed by P1 model in MrBayes using nucleotide 
sequences of concatenated two rRNAs and 13 protein-coding genes on mtDNA. This is 
50% majority rule consensus tree after burn-in the first 2x105 generations of total 1x106 
generations. Numbers on nodes are posterior probabilities. 
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Figure IV-5. Topology reconstructed by P5 partitioned-model in MrBayes using 
nucleotide sequences of concatenated two rRNAs and 13 protein-coding genes on 
mtDNA. This is 50% majority rule consensus tree after burn-in the first 5x105 
generations of total 5x106 generations. Numbers on nodes are posterior probabilities. 
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Figure IV-6. Topology reconstructed by P15 partitioned-model in MrBays using 
nucleotide sequences of concatenated two rRNAs and 13 protein-coding genes on 
mtDNA. This is 50% majority rule consensus tree after burn-in the first 2.5x106 
generations of total 5x106 generations. Numbers on nodes are posterior probabilities. 
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Figure IV-7. Topology reconstructed by P41 partitioned-model in MrBays using 
nucleotide sequences of concatenated two rRNAs and 13 protein-coding genes on 
mtDNA. This is 50% majority rule consensus tree after burn-in the first 3x106 
generations of total 5x106 generations. Numbers on nodes are posterior probabilities. 
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Snakes are monophyletic, as expected. Blind snakes (T. reticulatus and L. dulcis) 
diverged earliest, followed by the alethinophidian snakes. Two vipers (A. piscivorus and 
O. okinavensis) are monophyletic, and these cluster with a clade formed by two colubrids 
(P. guttatus and D. Semicarinatus). Four Henophidian species (B. constrictor, P. regius, 
C. ruffus, and X. unicolor) fall into a clade, and then cluster with the file snake, A. 
granulatus. In this topology, the snake lineage is led by a longer branch, and placed as 
sister taxa to Amphisbaenian lizards (worm lizards). The sister relationship between 
Amphisbaenia and snakes is congruent with previous studies (Caldwell 1999, Hallermann 
1998) and compatible with the squamate consensus topology (Figure IV-1). In this study, 
the Scleroglossan lineage is not monophyletic, which was also found previously by 
Townsend et al. (2005) and Vidal et al. (2005). 
Jackknife Simulations 
1000 NJ trees were generated by the jackknife simulation. For each tree, the 
distances between this tree and the remaining 999 trees were calculated, and the number 
of similar trees was counted if the distance was smaller than 16. Among the 1000 NJ 
trees, two topologies occurred frequently since each of them has a large number of 
similar trees (Figure IV-8): one (NJ894) is the same as the topology in Figure IV-7, and 
there are 357 trees similar to this topology with alternative placements of one or two 
species; the other (NJ288, Figure IV-9), in which snakes are the sister group to all lizards, 
is alternative to the best tree (Figure IV-7) and has 282 trees similar to this topology. 
Other topologies incompatible with common knowledge of squamate phylogeny were 
also observed (e.g. NJ533 and NJ4), but the number of trees similar to them is quite low 
compared to NJ894 and NJ288. To summarize, the NJ894-like topology appears with 
higher frequency than the NJ288-like topology among the 1000 NJ trees. 
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Figure IV-8.  Number of trees similar to four given topologies. NJ894 is similar to the 
best tree and has 357 similar trees. NJ288 is alternative to the best tree and has 282 
similar trees. NJ533 and NJ4 are topologies with serious phylogenetic errors. 
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Figure IV-9. NJ288 and alternative topology 1. Snakes are proposed as sister taxa to all 
lizards. 
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Additionally, for all sites in the complete mitochondrial genome alignment, site 
likelihood was calculated using the topologies of NJ894 and NJ288, respectively. 
Meanwhile, all sites were divided into nine rate categories (3220 sites in category 0, 1528 
sites in category 1, 1264 sites in category 2, 1165 sites in category 3, 1242 sites in 
category 4, 1390 in category 5, 1587 in category 6, 2095 in category 7 and 1492 in 
category 8) according to site variability. Category 0 (C0) is the most conserved category 
and category 8 (C8) is the most variable category. Thus, for each site there are two 
likelihood values: one derived from NJ894, and the other from NJ288. For a given site 
the difference of likelihood derived from NJ894 and from NJ288 indicates how much this 
site supports NJ894, if the difference is positive; or supports NJ288, if it is negative. The 
likelihood difference between these two topologies for all sites ranges from -3.74 to 4.11. 
For 246 sites, the site likelihood derived from one topology is the same as that from the 
other, so these sites are not informative in distinguishing these two topologies using this 
approach. 6612 sites slightly support NJ894 since the likelihood values of these sites 
derived from NJ894 are a little higher (0~0.3) than those derived from NJ288. However, 
6139 sites slightly support NJ288 by a similarly small difference (0~0.3).  These sites are 
not included in Figure IV-10 since other groups would be dwarfed by the large number of 
sites in this group. The distribution of site likelihood differences between the two 
topologies (Figure IV-10) shows that NJ894 is more supported than NJ288, even though 
most support resides in the range of very small likelihood difference. When sites were 
grouped into 9 categories according to evolutionary rate, NJ894 is still favored over 
NJ288 since in 7 categories NJ894 is stronger supported than NJ288 (Figure IV-11). 
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Figure IV-10. Support of site likelihood for two topologies. For each site, the site 
likelihood value derived from NJ894 minus that derived from NJ288 is the site likelihood 
difference. Site likelihood difference is divided into 13 groups. In each group, sites 
showing positive site likelihood differences are counted as sites supporting NJ894, and 
sites showing negative site likelihood differences are counted as sites supporting NJ288. 
The group of site likelihood difference (0-0.3) is not shown due to exceedingly large 
number. 
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Figure IV-11. Support of site likelihood within the nine site categories for the two 
topologies. In each category, a site showing positive likelihood difference is counted as 
supporting NJ894, otherwise it is counted as supporting NJ288. 
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Figure IV-12. Support of site likelihood at the three codon positions of 13 protein-coding 
genes for the two topologies. In each codon position group, sites showing positive site 
likelihood differences are counted as supporting NJ894, otherwise they are counted as 
supporting NJ288. Sites where the likelihood difference is smaller than 0.0001 are 
considered as neutral. 
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The nucleotide sequences of protein-coding genes were grouped by three codon 
positions. In each codon position (1st, 2nd, and 3rd), the site likelihood difference was 
calculated and sites supporting NJ894 and NJ288, respectively, were counted (Figure IV-
12). All sites that had a likelihood difference smaller than 0.0001 were considered as 
neutral (yellow bar in Figure IV-12). Figure IV-12 shows that at all three codon positions 
NJ894 always has more supporting sites than NJ288. Most sites in rRNAs fall into 
category 0, which do not show any preference for either of the two topologies over the 
other. 
DISCUSSION 
Before the advent of substantial molecular data, morphological data was 
predominantly used to study the phylogeny of squamates, as well as snake origins, but the 
constrained number of morphologic characters that results from limblessness and the 
body elongation of snakes and some limbless lizards, make limbless squamates difficult 
to place in phylogenies based on morphologic features. Recent discoveries of several well 
preserved snake-like fossils (genera Pachyrhachis, Haasiophis and Eupodophis) were 
hoped to clarify the snake origin. On the contrary, the debate of the snake origin has 
become fiercer due to the contradictory interpretations of these fossils’ characters, 
especially a fossil (Pachyrhachis) with hindlimbs. For example, a series of publications 
(Caldwell et al. 1997; Lee et al. 1998; Lee 1998) suggested that Pachyrhachis was an 
excellent example of a transitional taxon linking snakes to an extinct group of lizards, the 
mosasauroids, and the close association of Pachyrhachis with mosasauroids was 
supported by parsimony analysis. As a result, Lee and his colleagues came to the 
conclusion that snakes had a marine origin. Actually, they did not mention that both the 
marine origin and the terrestrial origin of snakes were equally parsimonious in their 
studies because each hypothesis would similarly require two evolutionary transitions 
(Figure IV-13, Greene et al. 2000) along the reconstructed parsimonious topology. A 
later publication (Tchernov et al. 2000) showed that flawed morphological descriptions in 
Lee’s analysis led to erroneous conclusions regarding the phylogenetic position and 
evolutionary significance of Pachyrhachis. In their study, Tchernov et al. (2000) 
conducted an analysis of another snake fossil, Haasiophis, that possessed hindlimbs, and 
a reanalysis of Pachyrhachis, and found that a terrestrial origin of snakes was more 
favored over a marine origin based on these fossils. 
Compared to morphologic characters, molecular data has the potential to provide 
sufficient information and yield better resolution to squamate phylogeny. Unfortunately, 
results concerning snake origins derived from recent molecular studies are still not 
convincing. One obvious reason is that the molecular datasets used in these studies 
(Forstner et al. 1995; Macey et al. 1997; Vidal et al. 2004, 2005; Townsend et al. 2004) 
are too limited either in taxa density or length of sequences to draw sound conclusions. In 
addition, the models used in these studies are insufficient to accurately recover 
evolutionary history (Castoe et al. 2004, 2006; Brandley et al. 2005; Leache et al. 2002; 
Reader et al. 2003)). 
 
Vidal and his colleagues rejected either the varanids or the limbless lizards as the 
closest relatives of snakes using the RAG-1 and C-mos genes (Vidal et al. 2004) and nine 
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nuclear protein-coding genes (Vidal et al. 2005). In the study of Vidal et al. (2004), the 
length of genes used is too short, given the number of species studied, to reconstruct a 
reliable phylogeny (Pollock et al. 2002; Zwickl et al. 2002; Hillis et al. 2003). Sequences 
used in their later study (Vidal et al. 2005) are longer than in other similar investigations, 
containing multiple genes (c-mos, RAG1, RAG2, R35, HOXA13, JUN, alpha-enolase, 
amelogenin and MAFB) with distinctive evolutionary pressures. Since separate gene 
analysis did not generate a congruent topology, they used combined data to infer a 
topology. However, the evolutionary pattern of these concatenated genes is so 
complicated that a single model cannot accommodate such a complex artificial 
evolutionary pattern and recover the real evolutionary history. The bootstrap values and 
posterior probabilities derived from this data set do not strongly support their conclusion 
either, especially regarding the split between the Iguania and Anguimorpha. By 
comparing the topologies in these two studies (Vidal et al. 2004, 2005), it is noticeable 
that the locations of several lineages changed markedly, e.g. in Vidal et al. (2005), 
Iguania is clustered with Anguimorpha, and snakes are basal to this clade, but in Vidal et 
al. (2004), snakes are clustered with Iguania, and Anguimorpha is basal to this clade. The 
phylogenetic placement of the Amphisbaenian lineage lacks stability, as well. Therefore, 
the conclusions of Vidal et al. (2004, 2005) need further intensive evaluation. 
 
 
Figure IV-13. Proposed snake origin by parsimony using fossil characters. In this 
simplified version of Caldwell and Lee's phylogenetic tree, blocks and ovals mark 
equally likely transitions between terrestrial (green) and marine (blue) environments. In 
Scenario I, the common ancestor of mosasaurs (marine reptiles) and snakes is marine, 
some of its descendants later returning to land to become the ancestor of crown-clade 
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snakes. In Scenario II, the ancestors of mosasaurs and of Pachyrhachis enter marine 
environments independently. (From Greene et al. 2000) 
Townsend et al. (2004) studied squamate phylogeny using a larger molecular data 
set than forerunners, including 6000 bp of DNA sequence of C-mos, RAG-1, and ND2 
genes in total. The authors found that the three limbless lineages (snakes, amphisbaenians 
and dibamids) are not closely related to each other in their minimum parsimony (MP) and 
ML reconstructions inferred from individual and concatenated genes. However, this 
conclusion suffers some shortcomings regarding the dataset: 1) uneven taxon sampling: 
some superfamilies or families are represented by a single species (e.g. one Teiidae 
sampled), but some are heavily sampled (e.g. 13 Iguanidae sampled), and the snake 
lineage is especially poorly sampled (only four snakes sampled); 2) relatively short DNA 
sequences: although the sequences used are much longer than those in similar studies, the 
length of molecular data used is a little shorter than what is necessary for reconstructing a 
reliable phylogeny given the number of species studied in this research (Pollock et al. 
2002; Zwickly et al. 2002; Hillis et al. 2003).  In addition, the combination of different 
genes exhibiting distinctive selective pressures in phylogenetic reconstruction using a 
single model needs further discussion (Kluge 1989; Bull et al. 1993; Farris et al. 1994; 
Huelsenbeck et al. 1996; Rodrigo et al. 1993), even though some congruencies were 
shown in the phylogenetic inferences between the combination of genes and the 
individual genes. Since, in this study (Townsend et al. 2004), conflicting results 
concerning the placement of snakes were derived from nuclear and mitochondrial data 
sets, even the authors themselves stated that the exact phylogenetic position of the snake 
lineage is not resolved by their data.  
The independent relationship among three primarily limbless lineages, dibamids, 
amphisbaenians, and snakes, was also proposed in a recent snake venom study (Fry et al. 
2005a). Fry et al. (2005a) proposed that the monophyly of snakes, iguanians, and 
anguimorphs corresponds to the evolution of venom delivery systems and venoms in 
snakes and some lizards described as “venomous” lizards in their paper. However, the 
paper makes several claims leading to the classification of “venomous” lizards that 
warrant further discussion. Venom is a specialized protein, and is produced by venom 
glands located in the jaw of snakes and helodermatid lizards (Beaded Lizards and Gila 
monster). Venom is injected into prey upon biting via a venom delivery system to subdue 
the prey. It is believed that venoms arose by the adaptation of certain body or salivary 
proteins along the evolutionary pathway of squamates (Fry et al. 2004; Fry et al. 2005b). 
In non-venomous squamate saliva, there may be some proteins that are very similar to 
venoms or venom precursors, but their only function is digestion. For example, CRISP 
and kallikrein toxin arose by recruiting events of salivary proteins in helodermatid lizards 
and some colubrid   snakes (Fry et al. 2005b). The authors found that in selected lizards 
there were secretions resembling CRSIP and kallikrein based on cDNA and molecular 
mass analyzed by liquid chromatography/mass spectrometry. After simple sequence 
alignment and structure comparison but further pharmacological test, the authors 
concluded that these lizards have CRISP and kallikrein toxin and therefore are defined as 
“venomous” lizards. Anatomically, even if these species produce venom, they do not 
have a specialized delivery system (e.g. grooved or tubular fang) to inject venom into the 
body of prey. Therefore, venom is only present in advanced snakes (Colubroidea) and 
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helodermatid lizards, and the rest of snakes and lizards may have some venom-like 
proteins that function in digestion. Secondly, the venom gland is located in the upper jaw 
in snakes, but in the “venomous” lizards claimed by Fry et al. (2005a), the “venom 
gland” identified is located in the lower jaw. Even if those lizards really have “venom” 
and “venom glands”, the distinctive locations of glands in these lizard lineages and 
snakes clearly show that the putative venom and delivery systems in lizards more likely 
evolved independently from those of snakes. Thus, the observation of venom gland does 
not support a sister relationship between these lizard lineages (iguanians and 
anguimorphs) and snakes. Thirdly, using only two snakes (Lichanura trivirgata and 
Liasis savuensis) to represent the complete snake lineage in a squamate phylogenetic 
reconstruction is questionable methodology, especially in a study concerning the precise 
relationship between snakes and other squamates. The confidence of the phylogenetic 
reconstruction, when using only a small set of molecular data (C-mos, RAG1, RAG2, 
R35 and HOXA13) and a single-model analysis, is also debatable. The authors attempted 
to show that there was a common origin of the snake and lizard venoms, but failed to 
sample a sufficient number of squamates, and instead sampled a large number of non-
squamate vertebrates. In six out of nine venom trees (Cystatin, Cobra Venom Factor, 
AVIT, NGF, Vespryn), the number of lizards and snakes constitutes only a small 
proportion of the taxa sampling (13%-26%); for some cases (Cystatin, Cobra Venom 
Factor, AVIT) there are only four squamates, and the rest of the taxa (number >20) are 
non-squamate vertebrates. Obviously, the conclusions derived from a poor sampling of 
squamates in phylogenetic reconstructions are disputable, particularly in a study in which 
the relationship among squamates is a priority. Finally, a large number of non-venomous 
species in these three lineages (snakes, iguanians and anguimorphs) also challenges the 
conclusion made by Fry et al. (2005a), since it is not easy to interpret the multiple 
disappearances and recaptures of venom on so many species after the first venom 
origination on the common ancestor of these three lineages.  
A previous study of snake venom delivery systems suggested that the differential 
types of fangs and structures seen in Colubroidea venom glands most likely resulted from 
multiple independent evolutionary events within snakes (Jakson 2003), and the 
differential location of glands in snakes and lizards also suggests the scenario that venom 
evolved independently among squamates. It is more reasonable to propose that the venom 
originated independently within squamates, and even with snakes. Considering all the 
issues discussed above, the monophyly of snakes, iguanians, and anguimorphs based on 
venom and venom delivery systems needs to be reevaluated.  
In this study, the ML analysis (Figure IV-3) and four Bayesian topologies 
(Figures IV-4, 5, 6, and 7) based on the complete mtDNA of 65 taxa shows that snakes 
are the sister taxa to the Amphisbaenian lineage, and this branch order is strongly 
supported by posterior probability. The monophyly of snakes and worm lizards was also 
found by Rieppel et al. (2000a, 2000b). Previous phylogenetic studies have proposed two 
other possible phylogenetic placements of snakes: 1) snakes are sister to all lizards 
(Figure IV-9); and 2) snakes are closely related to Varanidae (Figure IV-14). To test 
whether these two alternative topologies are supported by this dataset, I calculated the 
95% credible interval (CI) of likelihood for the consensus tree (Figure IV-7), and found 
that no tree in the range of 95% CI is congruent with either of alternative topologies.  
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Figure IV-14. Alternative topology 2. Snakes are proposed as sister taxa to Varanidae. 
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Therefore, these two alternative topologies are rejected by this dataset. The longer 
internal branch lengths of both snake and Amphisbaenian lineages raises the suspicion of 
long branch attraction (LBA), however, ML is not immune to LBA, and a simple test for 
LBA is to remove the suspicious long branches and see if the remaining topology is 
stable (Huelsenbeck, 1995). Hence, I reconstructed the topology without snakes by ML in 
PAUP* and found that the topology without snakes remains the same as the topology 
including snakes.  
The Jackknife simulation was performed to generate a manageable amount of 
reasonable topologies via the NJ method, and then determine the best topology by 
measuring the frequency of each topology among 1000 NJ trees. In this simulation, 
NJ894, which is congruent with the best tree (Figure IV-7), has the greatest number of 
similar trees (357). NJ288, an alternative topology (Figure IV-9), also has a lot of similar 
trees (282), but not as many as NJ894. The other non-sense topologies have a very small 
numbers of similar trees. The topology with the largest number of congruent trees 
indicates that this topology is favored by most simulated datasets that were derived from 
the original alignment. This means that this topology is inferred by the original dataset 
with high probability, and that this topology might be the true topology. In addition, site 
likelihood was also used to evaluate NJ894 and NJ288. The site likelihood scores support 
NJ894 (best tree) more strongly than they support NJ288 (alternative topology 1), 
especially when evaluated by dividing sites into groups based on the three codon 
positions. Hence, the jackknife simulation also supports the sister relationship between 
snakes and worm lizards. 
This Jackknife simulation approach works faster than ML and Bayesian analysis 
to infer the best topology because the latter two approaches sample all topologies in spite 
of the fact that many topologies are completely erroneous, thus dedicating a huge amount 
of computation time and power to nonsense calculations. Unlike ML and Bayesian 
inference, the Jackknife simulation only samples reasonable topologies via the NJ method, 
and these topologies are only a small portion of all possible topologies for a given 
number of species. One caveat of this approach is that if the true tree is not sampled, the 
true topology cannot be recovered. Therefore, the sampled tree space should be large 
enough to cover all reasonable topologies as well as the true topology. Nonetheless, the 
number of trees generated by the NJ method is still far smaller than all possible 
topologies for a given number of species. 
The heterogeneity among parameters inferred by different models is quite evident 
when 95% credible intervals (CI) of each parameter were compared among four models 
(P1, P5, P15 and P41). For all protein-coding genes, almost all parameters (nucleotide 
frequency, substitution rate, proportion of invariable sites and gamma) are different 
among the four models, and for some parameters the differences are so substantial that 
there is no overlap in the 95% CI among the four models (Table IV-6). For rRNAs, since 
every partitioned-model allows a partition for rRNA, parameters derived from each 
partitioned-model are quite similar to the others. As mentioned previously, inadequate 
modeling (failure to account for heterogeneity of evolution) results in systematic error, 
which will mislead phylogenetic reconstruction (e.g. the phylogenetic placement of B. 
taurus and C. warreni in Figures IV-4 & 5) and produce low clade posterior probabilities. 
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Also, inappropriate partitioning strategy (e.g. P15), though containing more partitions than 
some alternatives (e.g. P5), could still mislead phylogenetic reconstruction (e.g. the wrong 
placement of turtles) and produce lower likelihood values. This study shows that the P41 
partitioned-model better accounts for the heterogeneity of evolutionary patterns in this 
data set, and, consequently, reduces systematic error and improves the likelihood value 
and posterior probability of the inferred consensus topology. Even though there is 
disagreement concerning the placement of several species among the topologies inferred 
from the four different models (P1, P5, P15 and P41), the sister relationship between snakes 
and amphisbaenians is strongly supported by all models. The conclusion of an 
Amphisbaenian affinity with snakes is more convincing than in previous studies and 
other alternative hypotheses, because it is derived from the denser and more diverse 
taxonomic sampling on the basis of complete mitochondrial genomes, inferred by robust 
partitioned-modeling, and strongly supported by posterior probability. Even though only 
one limbless lizard lineage was used in this study and further resolution of the 
Amphisbaenian affinity with snakes can be gained by adding the other two limbless 
lizard lineages (Pygopodidae and Dibamidae), this research shows that a terrestrial origin 
for snakes is more favored than the competing hypothesis, a marine origin 
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Table IV-6. 95% credible interval for parameters estimated for each partition of four models. 
 
    Base Frequency   Substitution rates     Rate Heterogeneity 
Model Partition A C G T   A↔C A↔G A↔T C↔G C↔T G↔T   I Γ 
P1 all data 0.397-0.402   0.329-0.333 0.067-0.069 0.199-0.202  0.045-0.048 0.331-0.341 0.054-0.058 0.038-0.044 0.322-0.329 0.189-0.197  0.161-0.174 0.632-0.659 
P5 0.397-0.426 0.251-0.275 0.109-0.13 0.197-0.217  0.094-0.114 0.234-0.288 0.072-0.09 0.0167-0.032 0.447-0.506 0.0437-0.066  0.125-0.178 0.719-0.858 
P15 0.395-0.425 0.255-0.278 0.107-0.127 0.198-0.218  0.091-0.11 0.241-0.295 0.07-0.089 0.016-0.031 0.443-0.503 0.044-0.067  0.121-0.17 0.711-0.837 
P41 
12s rRNA 
0.399-0.429 0.248-0.271 0.111-0.134 0.193-0.217  0.093-0.114 0.229-0.284 0.072-0.091 0.016-0.032 0.451-0.513 0.045-0.068  0.132-0.189 0.709-0.854 
P5 0.411-0.434 0.262-0.278 0.097-0.111 0.197-0.212  0.104-0.121 0.232-0.27 0.083-0.097 0.017- 0.03 0.43-0.473 0.062-0.083  0.135-0.173 0.767-0.873 
P15 0.411-0.431 0.262-0.281 0.096-0.111 0.198-0.211  0.105-0.121 0.232-0.274 0.084-0.099 0.018-0.03 0.424-0.468 0.063-0.085  0.141-0.182 0.768-0.881 
P41 
16s rRNA 
0.414-0.433 0.264-0.279 0.096-0.106 0.199-0.21  0.103-0.117 0.237-0.273 0.081-0.097 0.02-0.03 0.429-0.471 0.065-0.085  0.136-0.173 0.747-0.845 
P5 1st codon position 0.385-0.403 0.257-0.271 0.136-0.15 0.192-0.205  0.09-0.103 0.247-0.267 0.098-0.111 0.02- 0.027 0.334-0.357 0.164-0.183  0.216-0.244 1.039-1.154 
 2nd codon position 0.174-0.192 0.301-0.32 0.084-0.097 0.405-0.428  0.142-0.161 0.289-0.323 0.058-0.069 0.145-0.168 0.242-0.27 0.062-0.076  0.279-0.321 0.785-0.914 
  3rd codon position 0.423-0.435 0.336-0.345 0.052-0.054 0.175-0.181  0.003-0.005  0.361-0.386 0.007-0.011 0-0.001  0.294-0.319 0.295-0.316  0-0.003 0.834-0.898 
P15 ATP6 0.391-0.424 0.322-0.349 0.056-0.064 0.188-0.206  0.032-0.043 0.346-0.402 0.041-0.057 0.068-0.101 0.31-0.366 0.095-0.142  0.047-0.122 0.408-0.498 
P41 1st codon ATP6 0.358-0.424 0.305-0.366 0.087-0.119 0.154-0.189  0.04-0.066 0.244-0.342 0.096-0.144 0.005-0.026 0.333-0.434 0.105-0.185  0.094-0.181 0.726-1.08 
 2nd codon ATP6 0.143-0.211 0.307-0.375 0.045-0.078 0.379-0.466  0.053-0.115 0.34-0.491 0.01-0.027 0.197-0.303 0.133-0.238 0.027-0.076  0.077-0.232 0.411-0.611 
  3rd codon ATP6 0.435-0.466 0.299-0.327 0.052-0.061 0.172-0.188  0.002-0.016 0.283-0.433 0.037-0.0865 0.003-0.034 0.466-0.623 0.001-0.055  0-0.015 1.033-1.341 
P15 ATP8 0.399-0.449 0.297-0.337 0.051-0.067 0.186-0.218  0.048-0.076 0.353-0.477 0.054-0.088 0.037-0.107 0.269-0.374 0.027-0.108  0.007-0.079 0.664-0.943 
P41 1st codon ATP8 0.388-0.47 0.26-0.33 0.057-0.083 0.175-0.245  0.066-0.117 0.407-0.591 0.031-0.082 0.005-0.113 0.17-0.295 0.001-0.169  0.008-0.123 0.782-1.465 
 2nd codon ATP8 0.274-0.379 0.314-0.402 0.055-0.135 0.196-0.271  0.094-0.217 0.082-0.228 0.084-0.176 0.026-0.116 0.388-0.545 0.014-0.1  0.017-0.111 0.892-1.451 
  3rd codon ATP8 0.41-0.483 0.269-0.325 0.045-0.064 0.18-0.223  0.014-0.044 0.335-0.518 0.036-0.09 0.012-0.154 0.257-0.448 0.003-0.166  0.002-0.147 0.47-0.803 
P15 COI 0.384-0.409 0.309-0.332 0.071-0.079 0.201-0.215  0.012-0.018 0.348-0.407 0.036-0.048 0.031-0.047 0.421-0.486 0.061-0.089  0.283-0.339 0.309-0.352 
P41 1st codon COI 0.299-0.358 0.269-0.322 0.166-0.215 0.167-0.21  0.028-0.05 0.222-0.308 0.072-0.115 0.01-0.027 0.437-0.537 0.077-0.124  0.316-0.4 0.403-0.508 
 2nd codon COI 0.181-0.235 0.262-0.322 0.12-0.165 0.328-0.394  0.116-0.197 0.132-0.234 0.118-0.196 0.109-0.199 0.281-0.390 0.009-0.043  0.406-0.51 0.199-0.232 
  3rd codon COI 0.424-0.453 0.289-0.311 0.066-0.074 0.186-0.199  0-0.006 0.253-0.396 0.023-0.039 0-0.017 0.554-0.689 0.002-0.036  0.001-0.021 0.836-0.983 
P15 COII 0.389-0.431 0.303-0.334 0.064-0.075 0.192-0.214  0.021-0.031 0.358-0.429 0.041-0.057 0.047-0.074 0.355-0.422 0.064-0.103  0.18-0.255 0.504-0.587 
P41 1st codon COII 0.332-0.395 0.191-0.258 0.202-0.263 0.156-0.211  0.047-0.087 0.221-0.315 0.098-0.152 0.021-0.051 0.378-0.488 0.048-0.1  0.187-0.288 0.751-1.619 
 2nd codon COII 0.246-0.331 0.309-0.378 0.042-0.073 0.274-0.353  0.035-0.08 0.32-0.521 0.017-0.043 0.142-0.288 0.153-0.256 0.029-0.11  0.024-0.156 0.205-0.239 
  3rd codon COII 0.432-0.487 0.285-0.32 0.051-0.06 0.174-0.198  0.006-0.019 0.366-0.487 0.028-0.051 0.014-0.06 0.404-0.52 0.002-0.07  0.001-0.056 0.649-0.843 
P15 COIII 0.377-0.409 0.347-0.376 0.058-0.068 0.173-0.191  0.009-0.016 0.341-0.428 0.057-0.077 0.035-0.059 0.366-0.457 0.059-0.101  0.278-0.343 0.51-0.576 
P41 1st codon COIII 0.319-0.385 0.288-0.356 0.152-0.21 0.129-0.162  0.017-0.042 0.126-0.197 0.147-0.212 0.005-0.017 0.494-0.596 0.054-0.104  0.234-0.331 0.458-0.557 
 2nd codon COIII 0.176-0.252 0.235-0.315 0.08-0.162 0.353-0.438  0.068-0.162 0.191-0.369 0.061-0.178 0.132-0.292 0.226-0.388 0-0.02  0.196-0.357 0.221-0.286 
 3rd codon COIII 0.414-0.462 0.319-0.359 0.053-0.063 0.156-0.176  0-0.009 0.297-0.482 0.018-0.049 0-0.02 0.451-0.649 0.002-0.068  0-0.022 0.419-1.017 
P15 CytB 0.387-0.412 0.364-0.385 0.051-0.057 0.167-0.178  0.017-0.024 0.347-0.4 0.046-0.059 0.045-0.066 0.344-0.399 0.112-0.153  0.172-0.223 0.482-0.533 
P41 1st codon CYTB 0.351-0.406 0.271-0.326 0.125-0.165 0.162-0.195  0.061-0.091 0.267-0.359 0.097-0.138 0.016-0.038 0.307-0.398 0.089-0.144  0.186-0.293 0.613-0.829 
 2nd codon CYTB 0.157-0.219 0.26-0.315 0.071-0.114 0.399-0.472  0.102-0.165 0.182-0.305 0.035-0.071 0.167-0.268 0.274-0.4 0.013-0.046  0.205-0.328 0.474-0.689 
  3rd codon CYTB 0.436-0.475 0.338-0.368 0.041-0.046 0.142-0.155  0-0.009 0.316-0.431 0.029-0.052 0-0.026 0.483-0.592 0.002-0.067  0-0.015 0.932-1.169 
P15 ND1 0.404-0.431 0.333-0.357 0.056-0.062 0.172-0.185  0.019-0.026 0.387-0.447 0.039-0.053 0.041-0.065 0.291-0.345 0.125-0.168  0.185-0.238 0.473-0.528 
P41 1st codon ND1 0.401-0.462 0.281-0.337 0.095-0.127 0.136-0.169  0.025-0.048 0.213-0.308 0.093-0.138 0.004-0.022 0.326-0.422 0.176-0.247  0.204-0.293 0.698-0.88 
 2nd codon ND1 0.142-0.202 0.274-0.341 0.05-0.088 0.41-0.496  0.086-0.151 0.235-0.395 0.034-0.075 0.176-0.287 0.188-0.315 0.021-0.063  0.222-0.396 0.434-0.773 
  3rd codon ND1 0.464-0.497 0.298-0.327 0.049-0.056 0.148-0.161   0.012-0.022 0.387-0.492 0.04-0.059 0.005-0.04 0.409-0.507 0.001-0.047   0.001-0.05 1.439-1.802 
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Table 6. continued 
 
    Base Frequency   Substitution rates     Rate Heterogeneity 
Model Partition A C G T   A↔C A↔G A↔T C↔G C↔T G↔T   I Γ 
P15 ND2 0.407-0.432 0.333-0.355 0.051-0.057 0.177-0.19  0.039-0.048 0.351-0.398 0.04-0.052 0.052-0.073 0.262-0.304 0.172-0.213  0.067-0.107 0.613-0.696 
P41 1st codon ND2 0.433-0.473 0.241-0.278 0.096-0.118 0.168-0.197  0.085-0.115 0.248-0.308 0.078-0.111 0.01-0.031 0.235-0.292 0.212-0.277  0.064-0.119 0.832-1.076 
 2nd codon ND2 0.134-0.183 0.348-0.4 0.04-0.067 0.389-0.449  0.084-0.142 0.317-0.46 0.026-0.053 0.146-0.226 0.19-0.292 0.023-0.06  0.076-0.151 0.465-0.577 
  3rd codon ND2 0.458-0.486 0.316-0.339 0.043-0.049 0.147-0.162  0.013-0.022 0.399-0.516 0.03-0.053 0.00-0.077 0.334-0.433 0.008-0.134  0-0.015 1.512-1.929 
P15 ND3 0.365-0.411 0.339-0.375 0.053-0.063 0.185-0.21  0.02-0.033 0.462-0.552 0.026-0.046 0.05-0.093 0.216-0.293 0.076-0.144  0.16-0.241 0.564-0.662 
P41 1st codon ND3 0.381-0.464 0.278-0.354 0.087-0.13 0.134-0.175  0.016-0.045 0.265-0.461 0.071-0.169 0.015-0.06 0.243-0.431 0.064-0.188  0.081-0.19 0.499-0.702 
 2nd codon ND3 0.11-0.219 0.24-0.344 0.063-0.161 0.381-0.51  0.111-0.25 0.21-0.449 0.013-0.061 0.05-0.152 0.246-0.463 0.004-0.052  0.322-0.654 0.349-1.226 
  3rd codon ND3 0.407-0.458 0.323-0.367 0.043-0.055 0.162-0.186  0.0070.023 0.454-0.604 0.03-0.063 0.017-0.1 0.261-0.387 0-0.091  0.001-0.066 1.255-1.849 
P15 ND4 0.4-0.422 0.341-0.36 0.052-0.058 0.178-0.189  0.029-0.037 0.39-0.436 0.045-0.057 0.058-0.081 0.275-0.317 0.122-0.158  0.12-0.158 0.605-0.669 
P41 1st codon ND4 0.397-0.436 0.295-0.335 0.086-0.107 0.16-0.183  0.051-0.071 0.269-0.336 0.095-0.128 0.011-0.03 0.299-0.368 0.141-0.205  0.112-0.177 0.781-1.045 
 2nd codon ND4 0.15-0.196 0.321-0.373 0.076-0.111 0.36-0.416  0.14-0.2 0.289-0.388 0.047-0.079 0.111-0.173 0.221-0.3 0.02-0.048  0.175-0.295 0.708-1.135 
  3rd codon ND4 0.44-0.468 0.323-0.345 0.044-0.05 0.159-0.171  0.008-0.015 0.478-0.588 0.029-0.051 0.006-0.05 0.296-0.387 0.001-0.115  0.001-0.019 1.476-1.815 
P15 ND4l 0.352-0.402 0.337-0.38 0.049-0.059 0.198-0.225  0.018-0.031 0.433-0.527 0.029-0.053 0.046-0.083 0.174-0.245 0.146-0.223  0.034-0.093 0.546-0.658 
P41 1st codon ND4l 0.369-0.455 0.223-0.31 0.075-0.11 0.199-0.269  0.05-0.091 0.35-0.474 0.04-0.092 0.004-0.045 0.183-0.295 0.147-0.259  0.022-0.101 0.761-1.018 
 2nd codon  D4l 0.123-0.216 0.291-0.398 0.047-0.111 0.361-0.477  0.042-0.13 0.29-0.525 0.036-0.098 0.123-0.27 0.131-0.296 0.015-0.086  0.006-0.16 0.439-1.178 
  3rd codon ND4l 0.407-0.474 0.307-0.36 0.046-0.062 0.159-0.186  0-0.018 0.241-0.465 0.055-0.104 0.002-0.04 0.427-0.63 0-0.068  0-0.051 0.735-1.989 
P15 ND5 0.396-0.415 0.347-0.362 0.051-0.056 0.182-0.194  0.04-0.048 0.355-0.387 0.053-0.063 0.062-0.08 0.293-0.326 0.135-0.162  0.075-0.103 0.628-0.691 
P41 1st codon ND5 0.416-0.45 0.263-0.298 0.105-0.126 0.161-0.182  0.077-0.099 0.224-0.274 0.108-0.137 0.024-0.045 0.326-0.382 0.132-0.178  0.071-0.118 0.854-1.034 
 2nd codon ND5 0.199-0.235 0.314-0.346 0.047-0.067 0.376-0.417  0.107-0.15 0.317-0.406 0.041-0.062 0.163-0.227 0.173-0.237 0.049-0.084  0.12-0.186 0.897-1.234 
  3rd codon ND5 0.432-0.456 0.341-0.364 0.041-0.045 0.157-0.167  0.017-0.024 0.422-0.507 0.02-0.036 0-0.029 0.345-0.424 0.051-0.141  0-0.008 1.494-1.785 
P15 ND6 0.15-0.166 0.056-0.063 0.34-0.365 0.416-0.446  0.077-0.133 0.22-0.267 0.048-0.068 0.129-0.168 0.38-0.438 0.032-0.045  0.003-0.041 0.78-0.921 
P41 1st codon ND6 0.147-0.177 0.055-0.069 0.42-0.471 0.306-0.356  0.082-0.183 0.123-0.185 0.039-0.075 0.054-0.104 0.495-0.602 0.024-0.04  0.001-0.041 0.525-0.646 
 2nd codon ND6 0.112-0.158 0.104-0.145 0.247-0.323 0.412-0.502  0.039-0.106 0.21-0.3 0.078-0.133 0.163-0.255 0.227-0.318 0.076-0.118  0.001-0.141 0.571-1.036 
  3rd codon ND6 0.149-0.167 0.043-0.052 0.309-0.339 0.452-0.489   N/A N/A N/A N/A N/A N/A   0.002-0.031 1.888-2.934 
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CHAPTER V 
THE ADAPTATION OF CYTOCHROME C OXIDASE 
SUBUNIT I IN SNAKE LINEAGE 
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INTRODUCTION 
Cytochrome C Oxidase (COX) is the terminal transmembrane enzyme of the 
respiratory chain in mitochondria (Figure V-1) and many bacteria. COX contains three 
mitochondrion-encoded subunits (I, II, and III) in addition to ten nuclear-encoded 
subunits. Inside the COX complex there are two heme groups (heme a and a3). In 
coordination with a Cu atom, one heme group forms a reaction center (heme a3/CuB) 
where two oxygen atoms are bound, and the other heme group (heme a) is responsible for 
delivering electrons to the reaction center. COX pumps protons from inside the matrix to 
the intermemebrane space of the mitochondrion to maintain a proton gradient across the 
membrane. This proton gradient is utilized by adenosine triphosphate (ATP) synthase to 
produce ATP. Meanwhile, electrons and additional protons are delivered to the reaction 
center and reduce bound oxygen to water as a byproduct. 
 
 
Figure V-1. 3-D structure of Cytochrome C Oxidase of cow (2OCC.pdb). The protein 
complex is a dimer, and is embedded in the inner membrane of the mitochondrion. The 
bottom is inside the mitochondrial matrix; the top is located in a space between the inner 
and outer membrane of the mitochondrion; and the middle portion is immersed in the 
inner membrane itself. Helices are colored red, turns are green, and sheets are yellow. 
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Cytochrome C Oxidase subunit I (COX1), which is surrounded by the other 12 subunits 
(Figure V-2), plays a pivotal role in proton pumping. In COX1, three channels for proton 
transfer have been proposed (Figure V-3) based on mutagenesis experiments (Fetter et al. 
1995, Thomas et al. 1993) and bioenergetics analyses (Tsukihara et al. 1996). The first 
channel (D channel) of proton transfer is composed of 14 residues (11Asn, 12 His, 19Tyr, 
91Asp, 98Asn, 101Ser, 108Ser, 115Ser, 142Ser, 146Thr, 149Ser, 156Ser, 157Ser, 
503His); the second channel (H channel) of proton transfer consists of 10 residues 
(38Arg, 382Ser, 407Asp, 413His, 424Thr, 428Gln, 443Tyr, 451Asn, 454Ser, 461Ser); 
and the third channel (K channel) is made up of 12 residues (240His, 244Tyr, 255Ser, 
256His, 265Lys, 291His, 316Thr, 319Lys, 368His, 489Thr, 490Thr, 491Asn). Obviously, 
all channels are composed of polar amino acids, which create hydrogen bond networks 
that enable protons to travel from inside the matrix to the intermembrane space. Among 
the amino acids assembling the channels, amino acids His and Ser are the two most 
frequently used. Amino acid His has the capability of donating and accepting protons at 
different pK values, which is believed to result in the higher usage of this amino acid 
observed in the channels. Amino acids Asp, Glu, Lys and Arg are easily ionized in a 
neutral environment and could facilitate proton transfer by creating a tunnel of high 
electron density. Ser and Thr each have a polar hydroxyl group that might facilitate the 
transfer of protons as well. The D and the K channels are found in all species, and the H 
channel has only been identified in vertebrates (Tsukihara et al. 1995, 1996). These three 
proposed channels of proton transfer in COX1 are short and conserved among vertebrates, 
but a number of substitutions are observed exclusively in the snake lineage (the D 
channel in Table V-1, the H channel in Table V-2, and the K channel in Table V-3). 
 
Figure V-2. 13 subunits of the monomer of COX. COX1 (in red) sits in the core and is 
surrounded by the other 12 subunits (in dark grey). 
 85
 
Figure V-3. Three proposed proton transfer channels in COX1. Channels are expressed 
by the electron density of amino acids assembling the channels. The channel in blue is the 
D channel; the channel in green is the H channel; and the channel in magenta is the K 
channel. 
 
In the protein-coding genes of 65 vertebrate mtDNAs (Table IV-1), some sites are 
variable in snakes but are otherwise conserved in the other species. These are denoted as 
unique substitutions of snakes in this study. Unique substitutions were identified in all 
protein-coding genes in snakes (Table V-4), with COX1 and CytB genes exhibiting a 
large number of unique substitutions. Since the function and structure of COX are well 
known, and several high-resolution crystal structures bound with different substrates have 
been determined, COX1 is the primary target for assessing the possible impact of unique 
substitutions in this study. 
 
MATERIALS AND METHODS 
The crystallized B. taurus COX protein (2OCC.pdb) was used to study the 
possible impact of unique substitutions on the structure and function of COX. The protein 
structure file is available from the PDB database (http://www.pdb.org).  
The branch-site model in PAML (Yang 1997, Yang et al. 2002) was employed to 
detect selective pressures on the COX1 gene in the alethinophidian snake lineage. For 
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Table V-1. Conservation of residues in proton transfer channel D among 65 taxa. “-” 
means no substitution in a given species as compared to Bos taurus at the corresponding site. 
    Channel D 
    11 12 19 91 98 101 108 115 142 146 149 156 157 503 
Bos taurus N H Y D N S S S S T S S S H 
Hylobates lar - - - - - - - - - - - - - - 
Lemur catta - - - - - - - - - - - - - - 
Nycticebus coucang - - - - - - - - - - - - - - 
Tarsius bancanus - - - - - - - - - - - - - - 
Gorilla gorilla - - - - - - - - - - - - - - 
Homo sapiens - - - - - - - - - - - - - - 
Papio hamadryas - - - - - - - - - V - - - - 
Cebus albifrons - - - - - - - - - - - - - - 
Macaca sylvanus - - - - - - - - - I - - - - 
Pongo pygmaeus - - - - - - - - - - - - - - 
Primates 
Pan paniscus - - - - - - - - - - - - - - 
Agkistrodon  piscivorus - - - - - - A - - A - - - - 
Pantherophis slowinskii - - - - - - A - - A - - - - 
Dinodon semicarinatus - - - - - - A - - A - - - - 
Boa constrictor - - - - - - A - - A - - - - 
Python regius - - - - - - A - - A - - - - 
Acrochordus granulatus        - - - - - - A - - A - - - - 
Cylindrophis ruffus             - - - - - - A - - V - - - - 
Ovophis okinavensis             - - - - - - A - - A - - - - 
Xenopeltis unicolor             - - - - - - A - - A - - - - 
Typhlops reticulatus - - - - - - - - - A - - - P 
Snakes 
Leptotyphlops dulcis - - - - - - A - - A - - - - 
Iguana iguana - - - - - - - - - - - - - - 
Eumeces egregius - - - - - - - - - - - - - - 
Sceloporus occidentalis - - - - - - - - - - - - - - 
Cordylus warreni - - - - - - - - - - - - - - 
Abronia graminea - - - - - - - - - - - - - - 
Shinisaurus crocodilurus - - - - - - - - - - - - - - 
Varanus komodoensis - - - - - - - - - - - - - - 
Rhineura floridana - - - - - - - G - - - - - - 
Geocalamus acutus - - - - - - - - - - - - - - 
Diplometopon zarudnyi - - - - - - - - - - - - - - 
Amphisbaena schmidti - - - - - - - - - - - - - - 
Bipes tridactylus - - - - - - - - - - - - - - 
Bipes canaliculatus - - - - - - - - - - - - - - 
Bipes biporus - - - - - - - - - - - - - - 
Anolis carolinensis - - - - - - - - - - - - - - 
Ophisaurus attenuatus - - - - - - - - - - - - - - 
Lizards 
Varanus salvator - - - - - - - - - - - - - F 
Tuatara Sphenodon punctatus - - - - - - - - - - - - - - 
Caiman crocodilus - - - - - - - - - - - - - - 
Alligator sinensis - - - - - - - - - - - - - - 
Alligator mississippiensis - - - - - - - - - - - - - - 
Gavialis gangeticus - - - - - - - - - - - - - H 
Crocodilians 
Crocodylus moreletii - - - - - - - - - - - - - - 
Birds Tinamus major - - - - - - - - - A - - - - 
 Smithornis sharpei - - - - - - - - - A - - - - 
 Corvus frugilegus - - - - - - - - - A - - - - 
 Vidua chalybeata - - - - - - - - - A - - - - 
 Buteo buteo - - - - - - - - - A - - - - 
 Falco peregrinus - - - - - - - - - A - - - - 
 Dromaius novaehollandiae - - - - - - - - - A - - - - 
 Struthio camelus - - - - - - - - - A - - - - 
 Apteryx haastii - - - - - - - - - A - - - - 
 Rhea american - - - - - - - - - A - - - - 
 Gallus gallus - - - - - - - - - A - - - - 
 Ciconia ciconia - - - - - - - - - A - - - - 
 Ciconia boyciana - - - - - - - - - A - - - - 
Dogania subplana - - - - - - - - - - - - - - 
Pelomedusa subrufa - - - - - - - - - A - - - - 
Chrysemys picta - - - - - - - - - - - - - - 
Turtles 
Chelonia mydas - - - - - - - - - - - - - - 
Mertensiella luschani - - - - - - - - - - - - - - Amphibians 
Xenopus laevis - - - - - - - - - - - - - - 
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Table V-2. Conservation of residues in proton transfer channel H among 65 taxa. “-” 
means no substitution in a given species as compared to Bos taurus at the corresponding site. 
    Channel H 
    38 382 407 413 424 428 443 451 454 461 
Bos taurus R S D H T Q Y N S S 
Hylobates lar - - Q - - - - - - - 
Lemur catta - - N - - - - - - - 
Nycticebus coucang - - Q - - - - - - - 
Tarsius bancanus - - P - - - - - - - 
Gorilla gorilla - - Q - - - - - - - 
Homo sapiens - - Q - - - - - - - 
Papio hamadryas - - Q - - - - - - - 
Cebus albifrons - - Q - - - - - - - 
Macaca sylvanus - - Q - - - - - - - 
Pongo pygmaeus - - Q - - - - - - - 
Primates 
Pan paniscus - - Q Q - - - - - - 
Agkistrodon  piscivorus - - Q Q - - F - - - 
Pantherophis slowinskii - - Q Q - - F - - - 
Dinodon semicarinatus - - Q Q - - F - - - 
Boa constrictor - - Q Q - - F - - - 
Python regius - - Q Q - - F - - - 
Acrochordus granulatus        - - Q Q - - F - - - 
Cylindrophis ruffus             - - Q Q - - F - - - 
Ovophis okinavensis            - - Q Q - - F - - - 
Xenopeltis unicolor             - - Q Q - - F - - - 
Typhlops reticulatus - - Q Q - - - - - - 
Snakes 
Leptotyphlops dulcis - - P Q - - - - - - 
Iguana iguana - - H Q - - - - - - 
Eumeces egregius - - Q - - - - - - - 
Sceloporus occidentalis - - N Q - - - - - - 
Cordylus warreni - - Q - - - - - - - 
Abronia graminea - - S - - - - - - - 
Shinisaurus crocodilurus - - P - - - - - - - 
Varanus komodoensis - - P Q - - - - - - 
Rhineura floridana - - A Q - - - - - - 
Geocalamus acutus - - P Q - - - - - - 
Diplometopon zarudnyi - - Q Q - - - - - - 
Amphisbaena schmidti - - Q Q - - - - - - 
Bipes tridactylus - - Q Q - - - - - - 
Bipes canaliculatus - - Q Q - - - - - - 
Bipes biporus - - Q Q - - - - - - 
Anolis carolinensis - - Q Q - - - - - - 
Ophisaurus attenuatus - - T H - - - - - - 
Lizards 
Varanus salvator - - P Q - - - - - - 
Tuatara Sphenodon punctatus - - K - - - - - - - 
Caiman crocodilus - - P Q - - - - - - 
Alligator sinensis - - Q Q - - - - - - 
Alligator mississippiensis - - P Q - - - - - - 
Gavialis gangeticus - - P Q - - - - - - 
Crocodilians 
Crocodylus moreletii - - S Q - - - - - - 
Dogania subplana - - Q - - - - - - - 
Pelomedusa subrufa - - S - - - - - - - 
Chrysemys picta - - Q - - - - - - - 
Turtles 
Chelonia mydas - - Q - - - - - - - 
Birds Tinamus major - - P - - - - - - - 
 Smithornis sharpei - - P - - - - - - - 
 Corvus frugilegus - - S - - - - - - - 
 Vidua chalybeata - - S - - - - - - - 
 Buteo buteo - - P - - - - - - - 
 Falco peregrinus - - P - - - - - - - 
 Dromaius novaehollandiae - - P - - - - - - - 
 Struthio camelus - - P - - - - - - - 
 Apteryx haastii - - P - - - - - - - 
 Rhea americana - - P - - - - - - - 
 Gallus gallus - - P - - - - - - - 
 Ciconia ciconia - - P - - - - - - - 
 Ciconia boyciana - - P - - - - - - - 
Mertensiella luschani - - P - - - - - - - Amphibians 
Xenopus laevis - - E - - - - - - - 
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Table V-3. Conservation of residues in proton transfer channel K among 65 taxa. “-” 
means no substitution in a given species as compared to Bos taurus at the corresponding site. 
    Channel K 
    240 244 255 256 265 291 316 319 368 489 490 491 
Bos taurus H Y S H K H T K H T T N 
Hylobates lar - - - - - - - - - S - - 
Lemur catta - - - - - - - - - P - - 
Nycticebus coucang - - - - - - - - - H - - 
Tarsius bancanus - - - - - - - - - - - - 
Gorilla gorilla - - - - - - - - - S - - 
Homo sapiens - - - - - - - - - S M - 
Papio hamadryas - - - - - - - - - S - S 
Cebus albifrons - - - - - - - - - S - - 
Macaca sylvanus - - - - - - - - - L - - 
Pongo pygmaeus - - - - - - - - - S - S 
Primates 
Pan paniscus - - - - - - - - - S A - 
Agkistrodon piscivorus - - - S - - - - - K - H 
Pantherophis slowinskii - - - S - - - - - K - H 
Dinodon semicarinatus - - - S - - - - - K - H 
Boa constrictor - - - S - - - - - K - H 
Python regius - - - S - - - - - K - H 
Acrochordus granulatus        - - I L - - - - - K I H 
Cylindrophis ruffus             - - I L - - - - - K - H 
Ovophis okinavensis             - - I L - - - - - K - H 
Xenopeltis unicolor             - - I L - - - - - K - H 
Typhlops reticulatus - - - - - - - - - E N R 
Snakes 
Leptotyphlops dulcis - - - - - - - - - K - S 
Iguana iguana - - - - - - - - - - - - 
Eumeces egregius - - - - - - - - - S - - 
Sceloporus occidentalis - - - - - - - - - - - - 
Cordylus warreni - - - - - - - - - - - - 
Abronia graminea - - - - - - - - - H - - 
Shinisaurus crocodilurus - - - - - - - - - N - - 
Varanus komodoensis - - - - - - - - - E A - 
Rhineura floridana - - - - - - - - - H K G 
Geocalamus acutus - - - - - - - - - A - - 
Diplometopon zarudnyi - - - - - - - - - S - - 
Amphisbaena schmidti - - - - - - - - - M - - 
Bipes tridactylus - - - - - - - - - - - - 
Bipes canaliculatus - - - - - - - - - - - - 
Bipes biporus - - - - - - - - - M - - 
Anolis carolinensis - - - - - - - - - S - - 
Ophisaurus attenuatus - - - - - - - - - H - - 
Lizards 
Varanus salvator - - - - - - - - - E - - 
Tuatara Sphenodon punctatus - - - - - - - - - F - G 
Caiman crocodilus - - - - - - - - - I - - 
Alligator sinensis - - - - - - - - - - - - 
Alligator mississippiensis - - - - - - - - - M - - 
Gavialis gangeticus - - - - - - - - - - - - 
Crocodilians 
Crocodylus moreletii - - - - - - - - - S - - 
Dogania subplana - - - - - - - - - - - - 
Pelomedusa subrufa - - - - - - - - - S - - 
Chrysemys picta - - - - - - - - - - - - 
Turtles 
Chelonia mydas - - - - - - - - - - - - 
Birds Tinamus major - - - - - - - - - S - - 
 Smithornis sharpei - - - - - - - - - N - - 
 Corvus frugilegus - - - - - - - - - S - - 
 Vidua chalybeata - - - - - - - - - S - - 
 Buteo buteo - - - - - - - - - - - - 
 Falco peregrinus - - - - - - - - - S - - 
 Dromaius novaehollandiae - - - - - - - - - P - - 
 Struthio camelus - - - - - - - - - A - - 
 Apteryx haastii - - - - - - - - - - - - 
 Rhea americana - - - - - - - - - - - - 
 Gallus gallus - - - - - - - - - A - - 
 Ciconia ciconia - - - - - - - - - P - - 
 Ciconia boyciana - - - - - - - - - P - - 
Mertensiella luschani - - - - - - - - - S - - Amphibians 
Xenopus laevis - - - - - - - - - S - M 
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Table V-4. Number of unique substitutions identified in alethinophidian snake mtDNA 
protein-coding genes. 
 
Gene 
Number of 
unique 
substitutions 
Gene 
Length 
(bp) 
ATP6 3 221 
ATP8 2 45 
COX1 24 509 
COX2 10 226 
COX3 9 259 
CytB 19 366 
ND1 4 313 
ND2 5 335 
ND3 2 109 
ND4 4 443 
ND4L 3 93 
ND5 12 619 
ND6 1 143 
 
this analysis, the input tree is the topology (Figure IV-7) inferred by partitioned Bayesian 
analysis using the complete mitochondrial genomes of 65 species discussed in Chapter IV. 
In the detection, I was interested in assessing whether positive selection occurred along 
alethinophidian lineage, so I referred to branches of alethinophidian lineage as the 
“foreground” branches and the others as the “background” branches. Four site classes are 
assigned to COX1 sequence of the 65 species. The first class sites are highly conserved 
(ω=0), and the second class sites are neutral (ω =1). The third and fourth classes along the 
background lineages are either neutral or conserved (ω =0 or 1), but along the foreground 
lineages (alethinophidian snakes) are ωt, which may be greater than 1. The proportion of 
each site class and the selective pressure (ωt) were derived from the data. The detection 
was repeated three times to avoid trapping in a local minimum as suggested by author 
(Yang 1997). 
RESULTS 
Patterns of Unique Substitutions 
Compared with other vertebrates, a total of 23 unique substitutions were found in 
snake COX1. Five of these substitutions (sites 205, 258, 272, 281, and 447) were shared 
by both the blind and alethinophidian snakes. The remaining 18 unique substitutions were 
found only in the alethinophidian snakes (Table V-5). Since many unique substitutions 
occurred in the alethinophidian snakes, I will focus on the analysis of the unique 
substitutions of alethinophidian snakes in this study. 
Several of these unique substitutions do not alter the physico-chemical properties 
of the residues, but most do. Nine of the 23 unique substitutions are conservative, or 
neural, substitutions, which replaced amino acids without changing the physico-chemical 
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Table V-5. Unique substitutions on snake COX1 
 
  Alethinophidian snakes  
Blind 
snakes 
Site n
on
-s
na
ke
 v
er
te
br
at
es
 
A.
 p
isc
iv
or
us
  
O
. o
ki
na
ve
ns
is 
   
   
   
   
P.
 sl
ow
in
sk
ii 
   
   
   
 
D
. s
em
ic
ar
in
at
us
   
   
   
  
A.
 g
ra
nu
la
tu
s  
   
   
  
B.
 c
on
str
ic
to
r  
   
   
   
   
   
C.
 ru
ffu
s  
   
   
   
  
P.
 re
gi
us
   
   
   
   
   
   
 
X.
 u
ni
co
lo
r  
   
   
   
  
  L.
 d
ul
ci
s  
   
   
   
 
T.
 re
tic
ul
at
us
   
   
   
   
26 A S S S S S S S S S  A S 
35 L I I I I I I I V I  L M 
37 I M M M M M M M M M  I V 
54 Y F F F F Y F F F F  Y Y 
89 A T T A A A A A A A  A A 
108 S A A A A A A A A A  A S 
174 P K K K K K A A T P  K P 
194 L M M M M M M M M M  L L 
205 G A A A A A A A A A  A A 
231 Y F F F F F F F F F  Y F 
256 H S S S S S S S S S  H H 
258 V I I I I I I I I I  I I 
266 E N N N N N N N N N  E E 
267 P T T T T T T T T T  P P 
272 G S S S S S S S S S  S S 
281 G A A A A A A A A A  A S 
286 I V V V V V V V V V  V I 
299 V I I I I I I I I I  V V 
301 T S S S S S S S S S  T T 
353 L M M M M M M M M M  L L 
438 R R R G R R R R R R  R R 
443 Y F F F F F F F F F  Y Y 
447 Y F F F F F F F F F   F F 
 
property or structure (L35I, I37M, L194M, V258I, G272S, I286V, V299I, T301S, and 
L353M). The remaining 14 unique substitutions did alter the physico-chemical properties 
of the residues, for example from a polar amino acid to a nonpolar one. One unique 
substitution (S108A in channel D [Table V-1], Y443F in channel H [Table V-2], and 
H256S in channel K [Table V-3]) is found in each proposed proton channel: two of them, 
S108A in the D channel and Y443F in the H channel, replaced polar amino acids (Ser 
and Tyr, respectively) with nonpolar ones (Ala and Phe, respectively), and the other 
(H256S) replaced His with Ser in the K channel. 
By plotting unique substitutions on the three dimensional structure of cow COX1, 
we found that, spatially, most unique substitutions occurred in alpha-helices, some on the 
turns of helices, very few on sites adjacent to the heme group and one locating in each of 
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the three proposed proton transfer channels (Tsukihara et al. 1995, 1996, Hill 1991, 1994, 
Kannt et al. 1999, Figure V-4). Interestingly, we also found that some unique 
substitutions are closely adjacent to one another spatially, forming pair and triple clusters. 
Those pairs are 205G-231Y (6.3 Å distance between the two alpha-Carbons), 256H-258V 
(5.6 Å), 266E-267P (6.7 Å), 443Y-447Y (6.7 Å), and 299V-301T (5.5 Å); and the triple 
cluster is 35L-37I-54Y (5.1 Å, 7.3 Å). The clustered unique substitutions might be a 
signal of coevolution (Wang et al. 2005). 
Substitution Patterns within Proton Transfer Channels 
Generally, in the three proposed proton transfer channels, most residues are 
conserved among the 65 species studied, and several sites substituted without changing 
the polarity of residues, but there are some exceptions. In the D channel (Figure V-5 and 
Table V-1), at site 146, Ala and Thr are the dominant amino acids used by most species, 
but snakes use only nonpolar amino acids (Ala or Val) instead of a polar one (Thr). In the 
H channel (Figure V-6 and Table V-2), sites 407 and 413 are variable among the 65 taxa. 
The high variability at site 407 suggests that this site probably is not critical in facilitating 
proton transfer, while Lys at site 411, close to site 407, is positively charged and 
conserved among vertebrates, and may take over the responsibility of site 407. At site 
413, His is fixed in mammals and birds, and Gln is fixed in snakes and crocodilians. 
These two amino acids are also observed at this site in lizards. In the K channel (Figure 
V-7 and Table V-3), site 489 is so variable that more than ten amino acids (Ile, Phe, Ala, 
Thr, Ser, Pro, His, Leu, Met, Asn, and Glu) are used by different species, but only snakes 
use the positively charged amino acid (Lys). At site 491, four amino acids (Asn, Ser, Gly, 
and Met) are used by different species, but His is used exclusively by alethinophidian 
snakes. 
Substitution Patterns in Sites Surrounding Proton Transfer Channels 
Since surrounding residues are indispensable for the function of proton transfer 
channels, substitutions on residues surrounding the three channels were also analyzed. 
Similar to the above findings of substitutions within proton transfer channels, most 
residues surrounding the channels are conserved among the 65 species, and some 
conservative substitutions are observed. However, several substitutions on the 
surrounding sites may have some affects on the channels due to the alteration of physico-
chemical properties of the residues. Around the D channel, 32 adjacent residues are 
identified (Table V-6). Out of these 32 residues, only seven are variable, and the polarity 
on those sites was not altered by the substitutions at all. Around the H channel, 21 
surrounding residues are identified (Table V-7), of which nine sites are variable. Five of 
them are conservative substitutions, and substitutions on the remaining sites (408, 412, 
452, and 462) changed the polarity of the residues, but those alterations occurred in 
several species of different lineages and no evident pattern presents itself. Around the K 
channel, 20 adjacent residues are present (Table V-8). Six substitutions are observed, and 
among them five are conservative substitutions. Only one of these substitutions, at site 
488, exclusively adopted a positively charged amino acid (Lys) in alethinophidian snakes, 
while other species at this site use Thr, Pro, Met, Ile, or Asn. 
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Figure V-4. Locations of unique substitutions on snake COX1 from side-view (A) and 
top-view (B), and with proposed proton transfer channels from side-view (C) and top-
view (D). Red sticks are where unique substitutions occurred. Proton transfer channels 
are expressed by electron density of the amino acids assembling the channels. The blue 
channel is the D channel, the green channel is channel H, and the magenta channel is the 
K channel. The green ball is magnesium (Mg), and the magenta ball is sodium (Na). 
 
A B 
C D 
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Figure V-5. Substitutions in the D channel of snake COX1. Channel is expressed by 
electron density of the amino acids assembling the channel. Residue 108, in red, is where 
the unique substitution occurred in snakes, and residue 146, colored according to atoms, 
is a variable site among the 65 vertebrates. The remaining residues, shown as sticks, are 
conserved among the 65 vertebrates. The green ball is magnesium (Mg) and the magenta 
ball is sodium (Na). 
Detection of Selective Pressure 
Detection of selective pressure on alethinophidian snake COX1 using the branch-
site model of PAML shows that 14 sites are under positive selection, and eight sites with 
high probability are where unique substitutions occurred (Table V-9). Among these eight 
sites, unique substitutions on four sites (H256S, E266N, P267T and Y443F) changed the 
physico-chemical properties of these residues. Noticeably, positive selection was detected 
on two critical sites: site 256 in the K channel and site 443 in the H channel. Those sites 
with low probability (42, 328, 335, 339, 486 and 498) are variable sites where snakes 
108 Ser-Ala 
146Thr-ala 
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always used amino acids different from other species. Three of these sites (339, 486 and 
498) are conserved in most vertebrates and are only changed in snakes and a few non-
snake vertebrates. 
 
 
 
Figure V-6. Substitutions in the D channel of snake COX1. Channel is expressed by 
electron density of the amino acids assembling the channel. Residue 443, in red, is where 
the unique substitution occurred in snakes, and residue 413, colored according to atoms, 
is a variable site among the 65 vertebrates. The remaining residues, shown as sticks, are 
conserved among the 65 vertebrates. The green ball is magnesium (Mg). 
 
DISCUSSION 
Presumably, the polarity of the residues assembling a proton transfer channel is 
essential for its function in that stable hydrogen bonds formed by polar amino acids 
create a proton wire. A decrease in the polarity of the residues would therefore be 
expected to have a negative impact and an increase in polarity a positive impact on the 
capacity for proton transfer. Thus, in proton transfer channels the unique substitutions 
altering the polarity of residues would have some impact on proton transfer capacity. In 
snakes, the unique substitutions, S108A and Y443F, in the D and H channels decrease the 
polarity of residues, subsequently leading to the reduction of proton transfer efficiency. In 
contrast, the unique substitution H256S in the K channel contributes an increase of the 
polarity of residues, which may boost the capacity of proton transfer. 
443Tyr-Phe 
413His-Gln 
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Additionally, substitutions on variable sites within and surrounding three 
proposed proton transfer channels could also impact the structure and function of COX1. 
In the D channel, site 146 (Thr) is connected to site 108 (Ser) through the media site 149 
(Ser). In snakes, amino acid replacements at both sites 146 (Thr-Ala) and 108 (Ser-Ala, 
unique substitution) interrupt the integrated chain of hydrogen bonds formed by amino 
acids in this channel, and, as a consequence, most likely disturb the pathway of proton 
transfer in this channel (Figure V-5). Tsukihara et al. (1996) suggested that such 
substitutions at either of these two sites would probably increase the volume of the cavity 
without jeopardizing the transfer capacity, because the cavity also plays a role in this 
function by retaining water molecules used during proton transfer. However, in snakes 
 
Figure V-7. Substitutions in the K channel of snake COX1. Channel is expressed by 
electron density of the amino acids assembling the channel. Residue 256, in red, is where 
the unique substitution occurred in snakes, residues 491 and 489, colored according to 
atoms, are variable sites among the 65 vertebrates, and residue 488, in yellow, is a 
surrounding site. The remaining residues, shown as sticks, are conserved among the 65 
vertebrates. The green ball is magnesium (Mg) and the magenta ball is sodium (Na). 
256His-Ser 
489Lys 
488Lys 
491His 
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Table V-6. Residues surrounding the D channel. “-” means no substitution in a given species as compared to B. taurus at the corresponding site 
 
    10 13 14 15 16 17 18 80 81 84 85 90 92 97 99 100 102 107 109 111 114 116 141 143 145 147 148 150 155 158 502 504 
B. taurus T K D I G T L N W P L P M M N M F P F L A S A V L I F L V I Y T 
H. lar - - - - - - - - - - - - - - - - - - - - - A - - - - - - - - - - 
L. catta - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
N. coucang - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
T. bancanus - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
G. gorilla - - - - - - - - - - - - - - - - - - - - - A - - - - - - I - - - 
H. sapiens - - - - - - - - - - - - - - - - - - L - - A - - - - - - - - - - 
P. hamadryas - - - - - - - - - - - - - L - - - - - - - T - - - - - - I - H - 
C. albifrons - - - - - - - - - - - - - - - - - - L - - - - - - - - - I - - - 
M. sylvanus - - - - - - - - - - - - - L - - - - - - - T - - - - - - I - - - 
P. pygmaeus - - - - - - - - - - - - - - - - - - - - - A - - - - - - I - - - 
Primates 
P. paniscus - - - - - - - - - - - - - - - - - - L - - A - - - - - - - - - - 
A. piscivorus - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - - - 
P. slowinskii - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - - - 
D. semicarinatus - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - - - 
B. constrictor - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - H - 
P. regius - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - H - 
A. granulatus         - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - H - 
C. ruffus             - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - - - 
O. okinavensis       - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - H - 
X. unicolor            - - - - - - - - - - - - - - - - - - L - S - P - - - - - A - - - 
T. reticulatus - - - - - - - - - - - - - - - - - - L - - - - - - - - - M - P P 
Snakes 
L. dulcis - - - - - - - - - - - - - - - - - - L - T - T - - - - - - - H - 
Lizards I. iguana - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - - - 
 E. egregius - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 S. occidentalis - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 C. warreni - - - - - - - - - - - - - - - - - - L - - - - - - - - - - - F - 
 A. graminea - - - - - - - - - - - - - - - - - - L - - - - - - - - - I - N - 
 S. crocodilurus - - - - - - - - - - - - - - - - - - L - - - - - - - - - - - F - 
 V. komodoensis - - - - - - - - - - - - - - - - - - L - - A - - - - - - - - F - 
 R. floridana - - - - - - - - - - - - - - - - - - L - S A P - - - - - - - - - 
 G. acutus - - - - - - - - - - - - - - - - - - L - - A - - - - - - - - - - 
 D. zarudnyi - - - - - - - - - - - - - - - - - - L - - A P - - - - - - - - - 
 A. schmidti - - - - - - - - - - - - - - - - - - L - - A - - - - - - - - H - 
 B. tridactylus - - - - - - - - - - - - - - - - - - L - - A P - - - - - - - H - 
 B. canaliculatus - - - - - - - - - - - - - - - - - - L - - A P - - - - - - - H - 
 B. biporus - - - - - - - - - - - - - - - - - - L - - A P - - - - - I - H - 
 A. carolinensis - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 O. attenuatus - - - - - - - - - - - - - - - - - - L - - - - - - - - - - - - - 
 V. salvator - - - - - - - - - - - - - - - - - - L - - - - - - - - - - - F - 
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Table V-6. continued. 
 
    10 13 14 15 16 17 18 80 81 84 85 90 92 97 99 100 102 107 109 111 114 116 141 143 145 147 148 150 155 158 502 504 
Tuatara S. punctatus - - - - - - - - - - - - - - - - - - - - T A P - - - - - - - L - 
C. crocodilus - - - - - - - - - - - - - - - - - - - - - - P - - - - - - - - - 
A. sinensis - - - - - - - - - - - - - - - - - - - - S A P - - - - - - - H - 
A. mississippiensis - - - - - - - - - - - - - - - - - - - - S A P - - - - - - - H - 
G. gangeticus - - - - - - - - - - - - - - - - - - - - F A P - - - - - - - H - 
Crocodilians 
C. moreletii - - - - - - - - - - - - - - - - - - - - F A P - - - - - - - - - 
D. subplana - - - - - - - - - - - - - - - - - - L - T - - - - - - - - - - - 
P. subrufa - - - - - - - - - - - - - L - - - - L - - - - - - - - - A - N - 
C. picta - - - - - - - - - - M - - - - - - - L - - - - - - - - - - - H - 
Turtles 
C. mydas - - - - - - - - - - - - - - - - - - L - - - - - - - - - - - - - 
Birds T. major - - - - - - - - - - - - - - - - - - - - - - P - - - - - - - H - 
 S. sharpei - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 C. frugilegus - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - F - 
 V. chalybeata - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - F - 
 B. buteo - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 F. peregrinus - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 D. novaehollandiae - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H - 
 S. camelus - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H - 
 A. haastii - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - H - 
 R. americana - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - H - 
 G. gallus - - - - - - - - - - - - - - - - - - - - - - - - - - - H - - - - 
 C. ciconia - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 C. boyciana - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
M. luschani - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Amphibians 
X. laevis - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - - - 
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Table V-7. Residues surrounding the H channel. “-” means no substitution in a given species as compared to B. taurus at the corresponding site. 
 
    37 39 381 383 406 408 412 414 420 423 425 427 429 442 444 450 452 453 455 460 462 
B. taurus I A L - N T I F G M F P H D P W T I S I L 
H. lar - - - - D - - - - L - - - - - - I L - - - 
L. catta - - - - D - - - - - - - - - - - - V - - - 
N. coucang - - - - D - - - - L - - - - - - S - - - - 
T. bancanus - - - - H - T - - L - - - - - - - - - - - 
G. gorilla - - - - D - - - - L - - - - - - I L - - - 
H. sapiens - - - - D - - - - L - - - - - - I L - - - 
P. hamadryas - - - - D - A - - L - - - - - - I L - - - 
C. albifrons - - - - D - - - - - - - - - - - I - - - - 
M. sylvanus - - - - - - V - - L - - - - - - I L - - - 
P. pygmaeus - - - - - - - - - L - - - - - - I L - - - 
Primates 
P. paniscus - - - - D - - - - L - - - - - - V L - - - 
A. piscivorus M M - - - - T - - - - - - - - - - - - - - 
P. slowinskii M M - - - - T - - - - - - - - - - L - - M 
D. semicarinatus M M - - - - T - - - - - - - - - - M - - M 
B. constrictor M M - - - - T - - - - - - - - - - - - - - 
P. regius M M - - - - T - - - - - - - - - - - - - - 
A. granulatus          M M - - - - A - - L - - - - - - - - - - M 
C. ruffus             M M - - - - T - - - - - - - - - - V - - - 
O. okinavensis             M M - - - - T - - - - - - - - - - - - - - 
X. unicolor             M M - - - - T - - - - - - - - - - V - - - 
T. reticulatus V M - - - - - - - - - - - - - - V L - - M 
Snakes 
L. dulcis - M - - H - A - - I - - - - - - - T - - T 
Lizards I. iguana - A - - H - - - - - - - - - - - - - - - - 
 E. egregius - A - - H - - - - L - - - - - - - M - - - 
 S. occidentalis - A - - H - - - - - - - - - - - - V - - - 
 C. warreni - T - - - A - - - L - - - - - - - V - - - 
 A. graminea - A - - H - - - - - - - - - - - L - - - I 
 S. crocodilurus - A - - H A - - - - - - - - - - A - - - - 
 V. komodoensis - A - - H L - - - - - - - - - - A L - - - 
 R. floridana - A - - H G - - - L - - - - - - - - - - - 
 G. acutus - A - - - - M - - - - - - - - - - V - - T 
 D. zarudnyi - A - - - M T - - L - - - - - - - L - - T 
 A. schmidti V A - - S A M - - L - - - - - - - V - - T 
 B. tridactylus - A - - - A L - - - - - - - - - - - - - T 
 B. canaliculatus - A - - S - L - - - - - - - - - - V - V T 
 B. biporus V A - - - - L - - - - - - - - - - - - - T 
 A .carolinensis - - - - H A A - - L - - - - - - A - - - - 
 O. attenuatus - - - - H - V - - - - - - - - - I - - - I 
 V. salvator - - - - H L - - - - - - - - - - - L - - - 
 99
 
Table V-7. continued 
 
    37 39 381 383 406 408 412 414 420 423 425 427 429 442 444 450 452 453 455 460 462 
Tuatara S. punctatus - G - - H - V - - L - - - - - - - L - - - 
C. crocodilus - T - - H - - - - F - - - - - - L T - - - 
A. sinensis - T - - T H - - - F - - - - - - L L - - M 
A. mississippiensis - T - - H - - - - F - - - - - - L T - - M 
G. gangeticus - T - - - M T - - L - - - - - - M - - - M 
Crocodilians 
C. moreletii - T - - H - - - - L - - - - - - M - - - M 
D. subplana - A - - H - V - - - - - - - - - - - - - - 
P. subrufa - T - - H - - - - L - - - - - - S - - - - 
C. picta - A - - H - V - - - - - - - - - S - - - - 
Turtles 
C. mydas - A - - H - V - - - - - - - - - S - - - M 
T. major - A - - H - A - - L - - - - - - - V - - M 
S. sharpei - A - - H - A - - L - - - - - - - L - - M 
C. frugilegus - A - - H - - - - L - - - - - - - - - - - 
V. chalybeata - A - - H - T - - L - - - - - - - - - - - 
B. buteo - A - - H - A - - L - - - - - - - L - - M 
F. peregrinus - T - - H - T - - L - - - - - - - L - - M 
D. novaehollandiae - A - - H - A - - L - - - - - - - L - - M 
S. camelus - A - - H - A - - L - - - - - - - M - - M 
A. haastii - A - - H - A - - L - - - - - - - M - - M 
R. americana - A - - H - A - - L - - - - - - - M - - M 
G. gallus - A - - H S A - - L - - - - - - - L - - M 
C. ciconia - A - - H - T - - L - - - - - - - M - - M 
Birds 
C. boyciana - A - - H - T - - L - - - - - - - M - - M 
M. luschani - A - - H V - - - L - - - - - - - - - - - Amphibians 
X. laevis - A - - H - - - - L - - - - - - - V - - - 
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Table V-8. Residues surrounding the K channel. “-” means no substitution in a given species as compared to B. Taurus at the corresponding site. 
 
    182 183 239 241 243 245 254 257 264 266 290 292 315 317 318 320 367 369 488 492 
B. taurus P L G P V I I I K E H M P G V V L D T L 
H. lar - - - - - - - - - - - - - - - - - - P - 
L. catta - - - - - - - - - - - - - - - - - - - - 
N. coucang - - - - - - - - - - - - - - - - - - - - 
T. bancanus - - - - - - - - - - - - - - - - - - P - 
G. gorilla - - - - - - - - - - - - - - - - - - P - 
H. sapiens - - - - - - - - - - - - - - - - - - P - 
P. hamadryas - - - - - - - - - - - - - - - - - - P - 
C. albifrons - - - - - - - - - - - - - - - - - - M - 
M. sylvanus - - - - - - V - - - - - - - - - - - P - 
P. pygmaeus - - - - - - - - - - - - - - - - - - P - 
Primates 
P. paniscus - - - - - - - - - - - - - - - - - - P - 
A. piscivorus - - - - - - - - - N - - - - I - - - K I 
P. slowinskii - - - - - - V - - N - - - - I - - - K V 
D. semicarinatus - - - - - - - - - N - - - - I - - - K V 
B. constrictor - - - - - - - - - N - - - - I - - - K V 
P. regius - - - - - - - - - N - - - - I - - - K V 
A. granulatus          - - - - - - - - - N - - - - I - - - K V 
C. ruffus             - - - - - - V - - N - - - - I - - - K V 
O. okinavensis             - - - - - - - - - N - - - - I - - - K I 
X. unicolor             - - - - - - - - - N - - - - I - - - K V 
T. reticulatus - - - - - - V - - - - - - - I - - - N H 
Snakes 
L. dulcis - - - - - - - V - - - - - - I - - - - T 
Lizards I. iguana - - - - - - - - - - - - - - - - - - - - 
 E. egregius - - - - - - - - - - - - - - - - - - - - 
 S. occidentalis - - - - - - - - - - - - - - - - - - - I 
 C. warreni - - - - - - - - - - - - - - - - - - T M 
 A. graminea - - - - - - - - - - - - - - - - - - V - 
 S. crocodilurus - - - - - - - V - - - - - - - - - - - - 
 V. komodoensis - - - - - - - - - - - - - - I - - - P - 
 R. floridana - - - - - - - - - - - - - - - - - - A - 
 G. acutus - - - - - - - - - - - - - - I - - - - - 
 D. zarudnyi - - - - - - - - - - - - - - I - - - - - 
 A. schmidti - - - - - - - - - - - - - - I - - - P - 
 B. tridactylus - - - - - - - - - - - - - - I - - - - - 
 B. canaliculatus - - - - - - - - - - - - - - I - - - - - 
 B. biporus - - - - - - - - - - - - - - I - - - - - 
 A.carolinensis - - - - - - - - - - - - - - - - - - A - 
 O. attenuatus - - - - - - - - - - - - - - - - - - - - 
 V. salvator - - - - - - - - - - - - - - I - - - P - 
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Table V-8. continued 
 
    182 183 239 241 243 245 254 257 264 266 290 292 315 317 318 320 367 369 488 492 
Tuatara S. punctatus - - - - - - - V - - - - - - I - - - N S 
C. crocodilus - - - - - - - V - - - - - - - - - - - I 
A. sinensis - - - - - - - V - - - - - - - - - - - I 
A. mississippiensis - - - - - - - V - - - - - - - - - - - I 
G. gangeticus - - - - - - - V - - - - - - - - - - A I 
Crocodilians 
C. moreletii - - - - - - - V - - - - - - - - - - A V 
D. subplana - - - - - - - V - - - - - - - - - - - V 
P. subrufa - - - - - - - - - - - - - - - - - - M V 
C. picta - - - - - - - V - - - - - - - - - - - V 
Turtles 
C. mydas - - - - - - - - - - - - - - - - - - - V 
T. major - - - - - - - V - - - - - - I - - - - I 
S. sharpei - - - - - - - V - - - - - - I - - - - I 
C. frugilegus - - - - - - - V - - - - - - I - - - I V 
V. chalybeata - - - - - - - V - - - - - - I - - - - I 
B. buteo - - - - - - - V - - - - - - I - - - - V 
F. peregrinus - - - - - - - V - - - - - - I - - - - I 
D. novaehollandiae - - - - - - - V - - - - - - I - - - I I 
S. camelus - - - - - - - V - - - - - - I - - - I I 
A. haastii - - - - - - - V - - - - - - I - - - - I 
R. americana - - - - - - - V - - - - - - I - - - I I 
G. gallus - - - - - - - V - - - - - - I - - - - I 
C. ciconia - - - - - - - V - - - - - - I - - - - V 
Birds 
C. boyciana - - - - - - - V - - - - - - I - - - - V 
M. luschani - - - - - - - - - - - - - - - - - - - I Amphibians 
X. laevis - - - - - - - - - - - - - - - - - - - - 
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Table V-9. Detection of positive selection on COX1 of alethinophidian snakes using the 
branch-site model of PAML. Site numbers in bold are where unique substitutions 
occurred. 
 
Site Residues Probability 
42 G 0.7284 
194 L 1 
256 H 1 
266 E 1 
267 P 1 
299 V 1 
301 T 1 
328 H 0.8512 
335 S 0.5467 
339 M 0.6676 
353 L 1 
443 Y 1 
486 D 0.5229 
498 C 0.5559 
 
the vacuum of electron density around site 149, which is created by two substitutions, is 
too large to maintain the original function. Consequently, the substitutions at these two 
sites (T146A and S108A) are more likely to interrupt the channel rather than maintain its 
function. In the H channel, site 413 serves as a bridge in the pathway of proton transfer 
since the distance between this site and the upstream and downstream neighbor sites is 
approximately 9 Å (Figure V-6). This is a quite large distance when compared to that 
between other residues, and requires that the residue at site 413 have a high capacity for 
accepting and donating protons. The amino acid His meets this radical requirement and is 
fixed at this position in all vertebrates other than snakes, in which His was replaced by 
Gln. This substitution in snakes probably weakens proton transfer efficiency since Gln 
does not possess the same capability of transferring protons as His does. In addition, 
residue 443 may function as a regulator at the exit of the H channel by blocking the 
backflow of protons. The hydrogen bond formed between residue 443 and residue 451 
provides residue 443 with flexibility of motion such that the residue at site 443 can 
perform the blocking function by flipping around the exit of this channel. In 
alethinophidian snakes, the substitution at site 443 breaks the hydrogen bond with residue 
451. Subsequently, residue 443 either converts this channel into a dead-end by 
permanently blocking the exit, or prevents this residue from performing original function 
normally. Therefore, the substitutions of H413Q and Y443F (unique substitution) in 
alethinophidian snakes would weaken the capability of proton transfer in the H channel. 
In the K channel, the unique substitution H256S changes the polarity at site 256 only 
slightly. In addition to the unique substitution, substitutions on variable sites within and 
around this channel make notable contributions to the polarity of this channel. Sites 488, 
489, and 491 are located at the entrance of this channel (Figure V-7). At these three sites 
a wide range of amino acids are utilized in vertebrates, but positively charged amino 
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acids (Lys, Lys and His, respectively) are used exclusively in snakes. Positively charged 
amino acids at these sites increase the capability of retrieving protons from the 
mitochondrial matrix thus further facilitate proton transfer. The alteration of physico-
chemical properties at above three sites, in the combination with the unique substitution 
at site 256 (His-Ser), probably increases the capacity of proton transfer in the K channel 
of snake COX1. 
Among the three channels, the K channel is located closest to the reaction center 
(heme a3/CuB), and it has been proposed that the K channel can perform two functions 
simultaneously: 1) to deliver protons to the intermembrane space for maintenance of a 
proton gradient across the membrane, and 2) to deliver protons to the reaction center 
(heme a3/CuB) for use in reducing oxygen to water (Tsukihara et al. 1996). Water 
molecules are then delivered through a water channel that is presumably connected to the 
exit of the K channel.  
Compared to the other two proton transfer channels, the K channel of 
alethinophidian snakes has many uncommon characteristics: a) an intimate position 
relative to the reaction center; b) a higher usage of positive amino acids on sites within 
and surrounding the channel; and c) a strong positive selection signal detected on sites 
where unique substitutions had occurred. All these observations suggest that in snakes, 
especially in alethinophidian snakes, selective pressure had raised the capacity of proton 
transfer in the K channel by increasing the usage of the positively charged amino acids at 
some sites. 
The presence of deleterious effects resulting from unique substitutions in two 
proton transfer channels (D and H) and the advantageous effects contributed by unique 
substitutions in the K channel of snake COX1 can be explained by the following scenario. 
During the early stages of speciation of alethinophidian snakes, due to the relaxation of 
selective pressures or a population bottleneck, many substitutions accumulated regardless 
of whether these substitutions were deleterious (e.g. S108A and Y443F in D and H 
proton transfer channels) neutral, or advantageous. Without a doubt, deleterious 
substitutions impaired the normal function and structure of some proteins, e.g. the proton 
transfer ability of COX1, and, in turn, reduced the fitness of these ancestral snake species. 
These impaired functions would need to be remedied in order to avoid species extinction. 
Normal functions were recovered later by adapting either new advantageous substitutions 
(e.g. H256S in the K channel) or back substitutions. In this manner, the deleterious 
impacts were compensated by new substitutions. By this scenario, the D and H proton 
channels were damaged by deleterious substitutions and left un-repaired, but through new 
advantageous substitutions, the capacity of proton transfer in the K channel, which not 
only transfers protons to intermemberane space but also delivers protons to the reaction 
center to reduce attached oxygen to water, was enhanced. The compensation of 
deleterious substitutions may also account for the clustering of unique substitutions 
observed in this study. Deleterious substitutions were compensated for by adjacent 
advantageous substitutions that occurred later. 
Although we have discussed the possible impact of three unique substitutions in 
cooperation with substitutions within and around the proton transfer channels of snakes, 
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this does not mean that other unique substitutions have nothing to do with the function 
and structure of this subunit.  
In addition to the proposed proton transfer channels, there are electron transfer 
channels, water channels, and oxygen channels existing in COX. Although we currently 
have little knowledge about these channels, it is not unreasonable to suggest that the 
unique substitutions may play roles in those channels. For example, a unique substitution 
(R438G) located between the heme groups and CuA, which has been proposed as a part of 
an electron transfer pathway, may impact the capacity of this channel for electron transfer. 
In another example, oxygen is supposed to reach the reaction center (a3/CuB) from the 
interface between the two monomers of the COX complex, where several unique 
substitutions, such as T301S, G205L, I286V, G281A, L194M, and G272S, are observed. 
Those unique substitutions may improve the capacity of oxygen transfer. Therefore, 
impact(s) of these unique substitutions are worth further investigation to fully understand 
the adaptation of COX in snakes. 
 
The mitochondrial genome encodes a series of proteins responsible for oxidative 
phosphorylation (OXPHOS). Substitutions on these proteins would impact the normal 
function of OXPHOS. The presence of unique substitutions is not restricted to snakes. A 
similar case is observed in the human population. Human ancient missense mutations 
changed amino acids that are supposedly evolutionarily conserved. These missense 
mutations show regional specificity: prevalent in ATP6 in the arctic population, in CytB 
in the European population, and in COX1 in the African population (Wallace et al. 2005). 
Some missense mutations identified on CytB have potentials to affect CoQ binding sites, 
which, in turn, alters proton pumping and OXPHOS coupling (Ruiz-Pesini et al. 2004). 
OXPHOS has two primary functions: ATP production and heat generation. And 
OXPHOS coupling determines which function should be more preferred. Tightly 
coupling OXPHOS produce more ATP, while loosely coupling OXPHS generate more 
heat. The regional variation of missense mutations on 1125 human mtDNA sequences 
suggests a process of adaptation in ancestral human populations to the colder climates 
encountered on the migration of ancient humans from tropical Africa to colder regions 
(Ruiz-Pesini et al. 2004). Loosely coupling OXPHOS resulted from missense mutations 
in population living in cold regions generates more heat than tightly coupling OXPHOS 
in population living in tropical regions. 
 
The fact that the unique substitutions occurred in the alethinophidian snake 
lineage also suggests an adaptation of the alethinophidian ancestor to achieve better 
fitness. One physiological feature that could be closely associated with these unique 
substitutions is the feeding habits of alethinophidian snakes. Alethinophidian snakes have 
a large gape, which makes it possible to consume a large meal (about 25%-160% of their 
body mass; Pope 1961; Greene 1997). Most alethinophidian snakes more often 
experience a feast/famine feeding cycle than do other vertebrates and blind snakes. To 
process the enormous meal efficiently is a big challenge. Many researches studying 
response to feeding in several snake families (Boidae, Pythonidae, Viperidae, and 
Colubridae) show that the metabolic rate increases substantially within 48 hours 
postprandial (Secor et al. 1994; Greenwald et al. 1979; Skoczlas 1970, Secor et al. 2000). 
Ingestion triggers digestion, and metabolism up-regulates steeply. The peak value of gas 
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exchange could be 5-17 times that of the fasting level within 36 hours after ingestion 
(Secor et al. 1994a; Secor et al. 1995; Overgaard et al. 2002) with a maximal reported 
value 40 times that of the fasting level (Secor et al. 1997).  The pronounced response to 
feeding requires a rapid rebuilding of many organs that have atrophied during the fasting 
period. The stomach and small intestine, the organs most immediately involved in 
digestion, are the first organs to respond by increasing in mass and size. This is 
accompanied by the active pumping of hydrogen ions (H+) into the stomach. Meanwhile, 
thickness of the intestinal mucosa, circumference of the small intestine, length of 
intestinal villi, and land length of microvilli significantly enlarge compared to fasting 
levels (Strack et al. 2001). Shortly, other organs (large intestine, lung, heart, liver, kidney, 
etc.), which support the increased rates of gas exchange, and  process and circulate 
absorbed nutrients, gain mass and size as well. What’s more, blood changes from clear to 
turbid due to the increased amounts of solutes (Na+, HCO3- phosphorus, CO2, creatinine, 
and alkaline phosphatase, Secor et al. 1995; Secor et al. 2000).  After completion of 
digestion (7-30 days, depending on species and meal size), snakes down-regulate their 
metabolic physiology to basal levels, and organs regress to save energy during the fasting 
period. 
 
The rebuilding of an atrophied gut must be accomplished in a short period of time 
and requires a great deal of energy.  In fact, it requires approximately 30% of the 
absorbed energy (Secor et al. 1995). Evidently, most of the energy expended in the first 
few hours or days of digestion does not come from the prey being digested but from the 
snake’s “stored energy reserves” (Secor et al. 1994). The energy will be used for the 
rebuilding of organs, up-regulation of enzymes, regulation of the nutrient transport, and 
processing of the digestion itself, etc. Thereby, rapid energy generation immediately 
following ingestion is vital to perform digestion quickly. The energy is generated by the 
oxidative phosphorylation in the mitochondria. In particularly the proton gradient across 
the inner mitochondrial membrane must be reliably maintained to guarantee this rapid 
energy generation. An efficient proton pumping channel can potentially aid in this 
process. Unique substitutions on the K channel, as well as unique substitutions on other 
mitochondrial proteins, may be adaptations for fulfilling the energy bill during digestion. 
The unique substitutions observed in snake COX may improved the capacity of proton 
transfer and, consequently, generates enough H+s to rapidly produce the ATP required for 
the digestion. 
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CHAPTER VI 
CONCLUSION 
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Compared to the classic vertebrate mtDNAs, snake mtDNAs possess many 
unique features.  In snake mtDNAs, all protein-coding genes (except COX1), as well as 
tRNAs and tRNAs, are noticeably shorter in length compared with the counterparts of 
non-snake vertebrates. The control region in alethinophidian snakes was duplicated after 
diverged from the blind snakes, and the homogeneity between two copies was well 
maintained within alethinophidian snake by concerted evolution. Based on the 
relationship between the C/T ratio and DSSH discovered in multiple vertebrates, the 
slightly modified version of MCMC program (Raina et al. 2005) detected that the usage 
of duplicated CRs was species specific. The gene-by-gene comparison within a species 
show that most substitutions occurred on the 3rd codon position, less on the 1st codon 
position, and only a few on the 2nd codon position, and this pattern corresponds to the 
selective pressure operating on three codon positions. The control region shows highest 
divergences between two P. regius, but, contrastingly, the control region is more 
conserved between A. piscivorus than most genes on mtDNA. The extent of this variation 
in divergence rates between homologous genes (within a species) suggests that the 
concerted evolution of mitochondrial control region copies may also substantially impact 
the divergence rates of control region sequences, with dynamics among lineages and 
between versus within species. 
These unusual features arose in snake lineage after the divergence from lizards 
and stemmed from a massive coincident selection across the entire snake mitochondrial 
genome. We speculate that, during the early stage of evolutionary history of snakes, there 
may be a relaxation of selective pressure or a population bottleneck, which accumulated 
advantageous substitutions, as well as more neutral and deleterious substitutions, which 
impaired functions of proteins. Shortly, the normal functions were recovered or even 
enhanced by adaptation. By back substitutions or new advantageous substitutions making 
compensate for the early deleterious substitutions the adaptation restored or even 
improved functions of proteins essential in metabolism and other important activities, 
thus snake ancestor gained a better fitness. During this period, many sites, where 
normally are conserved among vertebrates, substituted uniquely in snakes (unique 
substitutions) and the evolutionary rate of snakes was also accelerated. The magnitude of 
acceleration affected not only the rate of variable sites but also the rate of conserved sites 
of snake mitochondrial genome. However, due to the functional, structural, genetic 
context along mtDNA, the acceleration impacted genes with various intensity, thereby, 
some genes (COX1 and CytB) were accelerated considerably that their rates in snake 
lineage are even faster than the counterparts in mammals, but most genes (ND1, ND2, 
ND4, ND5 etc.) were accelerated to be only faster than lizards. And this dynamics of 
substitution rates is demonstrated by the branch length comparison and the sliding 
window analysis. The force of acceleration affected on COX1 gene was so remarkable 
that a strong signal of positive selection was detected on this gene. The acceleration 
lasted for a long period of time, at least until the radiation of typical snakes. From then on, 
the acceleration faded and the evolutionary rate of snakes declined to the normal scale we 
observe today. Therefore the conclusion of constantly elevated evolutionary rate of snake 
mtDNAs is an oversimplified statement of the complicated situation (Kumazawa et al. 
1996; Kumazawa et al. 1998). In addition, the adaptation also streamlined snake 
mtDNAs with an intention to shorten the duration of replication by both reducing almost 
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all gene lengths and duplicating the control region. Thus, the compact snake mtDNA 
could replicate more copies due to the reduced replication duration and the flexible usage 
of duplicated control regions in the replication process. The transcription might become 
more efficient as well due to the above reasons. Consequently, more genome copies, 
resulting in more genome-encoded proteins as well, could be generated in a given period, 
and this efficiency probably provided snakes certain advantages over other species. For 
example, the rapid response to ingestion of alethinophidian snakes require a lot energy to 
recover the atrophied organ and to deliver nutrients, and the H proton transfer channel 
improved greatly by substitutions plays a magnificent role in providing enough energy to 
initiate the response to feeding. Obviously, we cannot exclude the possibility that other 
molecular changes contribute to this physiological feature, and we are eager to know the 
close association between molecular changes and physiological alterations in snake 
lineage.  
Previous squamate phylogeny studies were constrained by limited availability of 
morphological and molecular data. In this study, the complete mtDNAs of 65 vertebrates 
were used to reconstruct the phylogeny by ML and partitioned Bayesian analysis. Even 
though there are slight disagreements regarding the placements of several species among 
topologies inferred by ML and four partitioned Bayesian models, the sister relationship 
between amphisbaenian lizards and snakes is always inferred, which is incongruent with 
the hypothesis of the snake terrestrial origin, and this branch order is strongly supported 
by posterior probability. The reconstructions by four different models of Bayesian 
analysis demonstrate that partitioned models always generate higher likelihood value than 
a single model, which indicates that the evolutionary pattern of 65 vertebrate is too 
complex to be recovered accurately by a single model. However, the comparison among 
the partitioned models also suggested that incorrectly partitioned strategy can produce 
worse result or more errors in the phylogenetic reconstruction. The comparison between 
the partitioned models and a single model strongly suggests that the assumption in a 
single model could potentially mislead the phylogenetic construction once complicated 
evolutionary patterns are present in dataset.  
In addition, a new method, Jackknife simulation, was discussed in this study. This 
method tested and compared all reasonable topologies generated via Neighbor-Joint 
algorithm, and the number of topologies was far less than the number of all possible 
topologies for a given number of species. This study shows that this method has potential 
to find out the true tree in a relative shorter period of time than ML and Bayesian analysis 
do. The jackknife simulation also supports the sister relationship between snakes and 
worm lizards, cumulatively rejecting the hypothesis of marine origins of snakes. 
Although only one limbless lizard lineage is included in this study and adding the 
other two limbless lizard lineages (Pygopodidae and Dibamidae) is required to further 
resolve snake placement in the squamate phylogeny, this study rejects the hypothesis of 
snake marine origin.  
Snake mitochondria present an outstanding example of an apparent punctuated 
adaptive shift (precise cause currently unknown) that has affected multiple aspects of 
genome architecture evolution. Some consequences of this shift appear to have 
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diminished over time (e.g., accelerated rates of COX and other gene evolution), whereas 
others appear to continue in modern snakes (i.e., effects of control region duplication on 
mutation gradients, replication, and potentially transcription, and functional effects of 
short genes). Overall, this highlights the need for further comparative genomic research 
in snakes to provide more accurate resolution of evolutionary patterns and possible site-
specific effects of mutational dynamics. 
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